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W. Howard Lowdermilk, Lawre. e Liverme National
Laboratdry, “resider

83 AM (inviind Paper)

"—de:ommmal impacts o» the Jjubble Space Tole-

scope,” Tereme A. Facey, Peikin-Fimer Corporation. Thie

the more sngnmcart eavirornvaent factors
trat influence the obsesvatury's performence, anC the pre-
cautips taken during assemtly operatiofis to minimize

Ootics in a Ciyogenic E.wvironment!

Davi: A. Crowe, E£astha.? Xodak Comgany. This g
addresses the mount attachment and mwntissn:»sbﬁ;%
ight-

1o <tical design 0 minimize Gegradation of the 4

we ' ght mirror at 100 K with and without a ki -ic nount
support and mircor attachmerMmsﬂa’ed
by this task ara: mirror cal perfumance room

temperature 1o 168 K, straia-free mirror mevnt attachment
(glasslmetal) and flexured kinematic mount design. «o. 6)

930

Wmﬁmjet Observatory Operatiorw in The Tropics, Payl
H. Hagen, Teledyne Crown Engineering; M. G. Dix, NaSA
Amgss Researcl) Cente:; B. W. Russell, G. & Rossaro, $. K.
Lynch, J. A. Hackwel!, F.. J. Rudy, D. A. Retlg, Aerosbace
Co:porstion; P. Alvarez, Jr., North.op Services, Inc. Tropical
operatioir of an airborne sealed open-part mfra;éd tele-
scope presents froblems related to 3alt corrosion, freez-
inglthawing, vacuum wit.dca degradatinn, z;.rj tlevated
myirror emissivity. (p. 7) .
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4’/ ’

BALLROOM B s

1030 AM-1-00 M

WB, SECSION 2

Joseph H. !\pfel. Optical Coating {abvratory. Inc., Prasider

(invited Paper)
wB1 qumanced Optics Fabrication Trends, William J.
Kaveney. RADC/OCSE (p. 10) P

/
11:00 {34~ Tinvited Pape)— "~
WE2® Materials for Space Optics, Bruce Pieice, Strategic
Defense Initiative. {p. 11) T

1230 AM -

wB2 Wsab.umum'msnmms R
Wiison, A. C. Barron, J. R. McNeil, U. New Mexico. ion-
beam figerirg is a practical, &fficie’:\ ilchrique for figuring
arne optical components. Practicas issues and merfurm-
ance data for » 0cm figung sstem are discucsed. (3. 12

WEDNESDAY, FEBRUARY 11,1987—Continued

11:45 AN

WwB4 Holegraphy in Adasrse Environments, J. Surget, Of-
fice National d'Etudes et de Recherches Aerospatiales,
France. Holograpny is used for both recording an “x ap-
proachable phenomenon and restoring tiw 3-D real image
ultimatelv allow2d to any classical irrage data treatment.
(p. 16)

BALLROGM B

1:30-3:00 PM
WC, SESS:DN 3
Benjamin Snavely, Eastmar. Korak Company, Presider

130 PM (invited Paper)
WC1.~ Optics for the >-me Eloctron Laser, Themes J. Karr,
Lawrence Livermore National Laoory/(p. v

e e -""""/
200 PN
WCE+> Af-Metal ReCosator Design for Vislbie/Near IR Fres-
£octron Luser Oscillators, Griar; Nownam, Los Alar.0s My
tional Laborarory. (f Zy

245 7
WCJ» Cooled Opiics for High Powsred Laser Applica
tiom, ‘:’attick J. Pormphray, TRW. (0. 23)

2.45
lmpinged Droplet Evaporative Cooling for Opticyl
to High Ttama! F'ux Loads, John A
Nellman John J. Meyers, Eactman Koc'ah (bmputy Utili-
2ation of evaporative cooling for ptical «ni. surs’subzected
tn high thermal flux loads \ias been investigated. Analytical
and experiment.s resu,ts show iivaniages ove;r convective
couding. (p. 24)
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300-3:30 PM  COFFEE PRY.K

BALLROOM B

3:29-500 12
Wb, SESSION 4
Patrick Fom zhisy, TRW, Fresiyer

X% PN

WD1 7Radiation Fffects in Ogticz! Comgonents,” E..'
Friebele, U.S. Navai Research . dc-alory fhepet:oy"\ance
of optical ccmpraents is often severely degraded by expo-
sur 1o radiatiun, vsurlly due to tle formation of defact
<erizr. This Daper rviews the effects u? radiation on thin
film coatings, transmis~wy optics, and miror subsstrate
m{ Serials. (. 26)

<00 PM

Vi32> Gamma Pediationirduced in Caich.m
Flaoride; (V.. King, ©. 4. Nestor, Harshaw/Filtroi Prine=
ship. Lhanges in the transmission charactenstics of
calcium fluoride are investigated while varying the ex-
posure to gamma radiation. Experimental results are
presented and discused. (p. 30)
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E 5

T artation of the index of Refraction in Gissses Ex-
Cosed to fonting Radiation; Thad J. Englert, Mark C. Flob,
U. Wyoming. The incex of re‘raction of optical quality

Harrison, LOs A.amos National Laboratory Multiiayer
dielectric mirrors showed no significanvdegradation undes
120 Mwicm? of KrF light si 3 with 19" .ads/s of
ionizing rag:/atwn‘-(p’ 3N

/
445 KM

WDS5 “Etfsct of Surface Pitding on Scatfersd Light in.
Transparen® Oomes,” -Douglas W. Ricks, U.S. Navél
Woapons Cent. The transmittarce, total integrated scat-
t¢r- and near-angle scatter from several environmentaily
pitted glass domes have beefi measvred and are com-
pared. (p. 41)

BALLROUM C
830 PM  CONFERFNCE BANGYET

Calon2: Lawience L. Gooch, Kirtland Air Force Base,
Sreaker

THURCSDAY, FEBRUARY 12, 1987

SALLROOM LOBBY
7:30 AM-400 PM REGISTRATION

BALLROOM B

8:30-10:00 AM ThA, SESSION 5
Alan F. Stewart, U.S. Air Force Weapons Laboratory,
Presider

8:3C AM (lnvited Paper)
ThA1; High Damage Threshold Optical Coatings, D.

itam, Lawrence Lirermore National Laboratory. Damage
experiments with 20-ns pulses at rates up to 100 Hz in-
dicate that some coatings survive fluences to 20 Jicm? at
oth 351 and 1064 nm. {p. 40)-

—

ThA2? Fluorine Rezsstance of Dielectric Coatings for Ex-
cimer Laser Optics,’S. Foityn, J. Boyer, G. Lindhoim, .
Padgett, Los /ﬁ National Laboratory. (p. 48)

15

ThA3 Halide Anticeflective Coatings for Adverse ,
lan M. Thomas, Lawrence Livermore Ns-

tional Laboratory. Porous magnesium and calcium fluoride

coatings have been prepared from colloidal suspensions’in

methanol. These have excellent optical performarze and

high faser damage thresholds. (p:49)

930 AM

ThA4  Auger Analysis of Elemental Depth Profiles Corre-

lated with Multipuise Laser Damage of GaAs

Dhiraj K. Sardar, Michael F. Becker, Rodger M. Walser, U.

Texas &t Austin. We study multipuise laser (10 ns, 10 Hz

and 1064 nm) damage of GaAs. Damage morphologies, de-

pendence on accumulated energy, and Auger analysis of

elemental depth profiles are presented. (p. 52)

9:45 AWt

ThAS™ Compressive Coztings on Optical Components for
improving Mechanical Durability and increasing

J. E. Marion, Lawrence Livermore National Laboratory.
Based on our rheoretical and experimental studies, we
have developed coiaoressive coatings for slab laser com-
ponents. The coatings significantly increase mechanical
durability and give moderate strengthening. (p. 56)
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BALLROOM 8

10:30 AM-1200 M

ThB, SESSION 6

Brian E. Newnam, Los Alamos National Laboratory,
Presider

10:30 AM  (Invited Paper)

ThB1 > Natural and Induced Space Radiation Effects on
Coated Laser Optics, T. M. Donovan, U.S. Naval Weapons
Center. The resulls of pulsed x-ray experiments ase com-
pared with calculations of predicted meit and thermome-
chanical damage and discussed in the light of puised laser
expesiments. (p. 62j

1100 AM

ThB2 incressed Visible Absorptance of Visible Reflectors
due to Ultraviolet Radiation; Stephen Browning, Robert
Young, Optical Coating Laboratory, Inc. Laser reflectors ex-
perience reversible performance degradation when expos-
ed to ultraviolet light. Cavity ring-down lossmeter measure-
merts show this to depend on ambient humidity, deposi-
tion conditions, ant waveleagth. (p. 63)

1115 AM
ThB3 - Uittaviolet Degradation of Ring Laser Gyroscope
Minors, Austin Kalb. {p. £7)

11:30 AM

ThB4 Damage Threshold and Environmental Durability of
James J. McNally, U.S. Air Force Acacemy; J. R. McNeil, U.
New Mexico. The effects of ion bombardment during
deposition of Ta,0,, ALO, and SiO, thin films are
presented. Laser damage, environmenta! duratility, abra-
sion resistance, and fluorine gas durability results are
reported. (p. 68)

11:45 AM

ThB5_-ion-Assisted Deposition of Optical Coatings at Low
Temperatwre and Effects of Ar, Bombardment and

Temperature on Heavy Metal Fluoride Glass, Forrest L.f———-x}( ,'7,2'0&5;( }

Williams, D. W. Reicher, J. R. McNeil, U. New Mexico; J. J.
McNaily, U.S. Air Force Academy; G. A. AlJumaily, Barr
Associates. inc. lon-assisted deposition of optical coatings

at low temperature and effects of Ar bombardment and

temperature on the rrystalline phase of heavy metat fluo-
ride glass are reporteo. (p. 7
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Environmental Impacts on the Hubble Space Telescope

Terence A. Facey
Perkin-Elmer Corporation
Optical Group, Space Science Division
Danburv, Connecticut.

Introduction

The Hubble Space Telescope represents the largest single advance
in astronomical instrumentation since the Hale 5 metre telescope
at Mt Palomar. Its extreme sensitivity and resolution, however,
are susceptible to degradation from a number of environmental
effects. This is particularly true for cobservations in the
ultra-violet spectrunm.

Environmental factors range from dust, humidity and aerosols in
the atmosphere on the ground, through the stresses and acoustic
fields of the launch phase, to the thermal-vacuum rigors of the
space environment itself.

Given reasonable thermal control, the near Earth orbital
envirenment is guite benign. Essentially contamination free, and
with no light pollution, space provides an almost ideal base from
which to corduct astronomical observations.

The st:-esses of launch, too, can be overcome by reasonable
design. Once the system has been designed and verified to
withstand the acceleration, vibration and acoustic loads of the
launch vehicle, the launch environment poses no real threat to
observatory performance.

On the ground, however, during manufacture and assemsly
operations, there are a number of enviroamental factors wvhich
can significantly impact the future performance 9f the
observatory. The two most important of these, in terms of their
potential damaging impact, are dust and humidity in the
atmosplierc.

Atmospheric dust.

Dust particles, settling out from the atmosphere and accumulating
on the surface of the mirrors will degrade pericrmance in a
number of ways. The obscuration of the primary mirror is a
direct reduction in optical throughput. The small apertures have
a diffraction pattern many times the full aperture @iffraction
limit, so light 1s scattered from a bright source into
neighboring faint images. The particles scatter cver wide angles
to illuminate the telescope taffles from bright sources adding
more photoas to the focal plane background.

Inevitably, ix the construction of a large telescope, a lengthy
period of time elapses between coating the mirzors and final
completion of the telesocpe assembly. Of course, all operations
subsequent to the coating are performed in a well controlled
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clean room. However, no clean room is perfectly clean, and the
long duration of the assembly process makes some accumulation of
dust on the optics unavoidable. In the case of Space Telescope,
the primary mirror was coated in December 1981, The Optical
Telescope Assembly (OTA) was completed in October 1984. During
the intervening three years the mirror surface could not possibly
improve - it could only deteriorate by the accumulation of
centaminants.

Besides doing all assembly work in a class 10k clean room - and
much subassembly work in class 1k or class 100 areas - all items
of flight hardware were surface cleaned prior to their
integration into the OTA.

The large light baffles, in particular, were cleaned by repeated
acoustic exposure and vacuum cleaning. Their large size and
close proximity to the optics make them the dominant
contamination source in subsequent environmental testing, unless
special care is taken in their cleaning.

Use of clean rooms, rigorous procedural control of operatiors and
careful cleaning of hardware were all necessary — but they were
not sufficient. The need for long labor intensive assenbly
operations in the immediate vicinity of the primary mirror, and
the need to have the mirror resting face up for long periods of
time made some accumulation of dust on its surface inevitable,
@2ven though it was covered most of the time.

Measurements made a vear or so after the coating showed the
beginning of a particulate laver which might eventually adversely
affect ultra-violet sensitivity of the observatory.

A cleaning plan was developed, which would allow us to "vacuum
clean” the mirror surface at the latest possible time in the
assembly cycle. Therezfter, the mirror would be kept covered
vight up to integration with the space shuttle at Kennedy Snace
Cenler.

7he svecial cleaning tool involved the combination of nitrogen
gas jets to dislodge the particles, and a vacuum hose to suck
away the debris. For the cleaning operation, the mirror was
suspended face down. The cleaning head was mounted to a special
carriage, vhich cllowed the whole mirror surface to be cleaned
from uvnderneath. The cleaning was conducted during June of 1984,
just prjor to completion and delivery of the OTA in October.
Sudsequent measurements of surface particulates showed the
cleaning operation to have been highly successful.

Later in the Space Telescope assembly sequence, and after the
envizonmertal tests, particulate measurements by LMSC in May of
1986 still showed very little particle contamination.
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Humidity

High levels of humidity could damage the Magnesium Fluoride
coatings on the mirrors. However, this was protected against by
the clean room environment, in which the Relative BHumidity is
controlled to be below 50% at all times.

In addition to the mirrors, though, the large telescope
structures are also susceptible to moisture. The major
structures, and all of the optical benches, are made of graphite-
epoxv. This material, chosen for its light weight, high
stiffness and low expansion coefficieat, is liygroscopic.

The behavior of graphite epoxy is a little like another, more
common, composite material: wood. As it absorbs moisture, the
material swells, and as it dries out, it shrinks again. This
effect is bad enough in the floor boards of your house, but in
the alignment critical structures of an astronomical telescope,
it could be a disaster!

Metering Truss

The metering truss is an all graphite structure, 5 metres long by
2.5 nmetres in diameter. Its function is tc support the secondary
mirror and keep it properly aligned on the optical axis of the
telescope and 4.9 metres in front of the primary mirrcr vertex
within +/- 0.000002 metres ( 2 micrometres).

On the ground, in a 50% RH environment, the graphite absorbs
water equal to about 0.4% of its weight. Once in space, this
water will slowlyv evaporate from the graphite, causing the truss
to shrink a total of about 350 micrometres.

In such a large structure, it is virtually impossible to prevent
the absorption of water. It would take a long time to dry it out
prior to launch, and would be impossible to Keep dry right up to
launch ~ especially in the high humidity of the KSC area.

Rather than prevention, in this case we opt in favor of
syaptomatic relief. The telescope can be refocused froa the
ground, by using on board wavefront sensors to determine optical
image quality, and secondary mirror position actuators tc realign
tue system. Test data and analyses have yielded a fairly good
model of water desorption from the truss as a function of time
and temperature. This model can be further refined early in the
mission, by measuring focus errors as a function of time in
oibit. Thereafter, it will be possible to make open-loop focus
adjustments periodically. More accurate xeasurements of focus
error and appropriate corrections can be made less frequaently.
+Cp4

Pine Guidance Sensor Optical Bench

Similar expansion and contraction occurs in the FGS optical
baiich. This bench is the precision support for the more than 20
elements in the FGS optical train. The purpose of the FGS is to
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measure telescope pointing errors on the order of 15 nanoradians,
and to do this repeatably over long periods of time. Clearly,
structural distortions of its optical bench could compromise that
ability.

The design of the FGS takes advantage of symmetry wherever
possible to minimize the effects of mechanical growth - whether
from moisture or thermal effects. Some residual moisture
sensitivity remains, however. This is ameliorated by performing
the final alignment in as dry an environment as possible (RH
<25%) and checking the performance in a thermal vacuum chamber
after it has had time to dry out. Afterward, the graphite may
re—-absorb water from the atmosphere, but when launched into space
it will again dry out and become realigned in the process.

Management of graphite absorption and desorption is made easier
in the case of the optical bench, by the shorter time constants
involved. Since the graphite epoxy section thicknesses are
small, the material absorbs and desorbs more rapidly than the
metering truss, which can take weeks to dry out completely.

Conclusion

Environmental impacts on the Hubble Space Telescope are dominated
by ground environment factors. The most important of these are
associated with the atmosphere. Air-borne particulates and
atmospheric humidity both present significant challenges to the
assembly of a large high qrality astronomical observatcry. It is
possible to meet these challenges, however; often not by
preventing the environmental impact, but by learning to live with
it.
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ULTRA LIGHTWEIGHT OPTICS IN A CRYOGENIC ENVIRORMENT

PAVID A. CROVE
GOVERNMENT SYSTEMS DIVISION
EASTMAN KODAK COMPANY
POCHESTER, NEW YORK 14650

A high performance infrared spaceborne telescope such as the Space
Infra-Red Telescope Facility (SIRTF) will require aspheric optical
forms with smooth, low-scatter surface, high performance coatings,
and an ultra-lightweight design approach that can perform from
room temperature to cryogenic temperature. The design approach
must not only be rugged, low risk, and reliable, but also capable
of surviving a launch enviroraent 2nd enduring in space for many
years. A design approach, which meets performance requirements
at cryogenic temperatures employirg passive mirrors {without
figure control actuators, sensors, electronics, etc.), offers
significant advantage in weight. performance, and reliability.

For several years, Kodak has been engaged in developing passive
fused silica mirrors which meet stringent weight budgets and
optical figure quality reguirements from room temperature to
cryogenic temperature. This capability has been successfully
demonstrated with ultra-lightweight fused siiica, frit bonded
airrors with and without broadbancd multilayer high reflectance
coating up to diameters of C.5 meters. Technical issues addressed
and resolved include the design and manufacture of ultra-lightweight
frit mirrors, CIE match, bond strength, CTE homogeneity, polishing
to diffraction limited quality, optical stability, optical per-
formance at cryogenic temperature ané coating performance.

The next logical step in this technclogy evolution is to demonstrate
the optical performance of these new generation uitra-lightweight
mirrors kinematically mounted and subjected to cryogenic environment.
This paper addresses the mourt attachment and mount issues related
to optical design to minimize degradaticn of the ultra-lightweight
mirrer at 100° Keivin with and without a kinematic mount support

and mirror attachments. Key issues demonstrated by this task

are: (1) mirror optical performance room temperature to 100° Kelvin,
(2) strain-free mirror mount attachment (glass/metal}, and

(3} flexured kinematic mount design.

EASTMAN £ODAK COMPANY - U). §. APPARATUS BIVISION
90t ELMGROVE ROAD - ROCHESTER, NEW YORX 14850




CRETURE NGy Pk LAk L L TR YA ST AL U L ) 700 1 :-APt ! B LA I UV WP I WA W W & om L § 9 2

Learjet Observatory Operations in The Tropics

Paul H. Hagen

Teledyne Brown Engineering
MS 211-12

NASA Ames Research Center
Moffett Field, Ca 94025

M. G. Dix

MS 244-10

NASA Ames Research Center
Hoffett Field, Ca. 94035

R. W. Russell, G. S. Rossano,
D. K. ILynch, J. A. Hackwell,
R. J. Rudy, D. A. Retig

MS M2/266

The Aerospzace Corporation

El Segundo, Ca 90245

P. Alvarez, Jr.

MS 248-2

Northrop Services Inc.
Ames Research Center
Moffett Field, Ca 94035

Tropical operation of an airborne sealed
open-port infrared telescope presents problens
related to salt corrosion, freezing/thawing,
vacuum window degradation, and elevated mirror
emissivity.
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Optica) Fabrization Using Ion Beam Figuring

S.R. Wilson, A.C. Barron, 2nd J.R. McNel
Department of Electrical Engince-ing
Ceater for High Technology Materials

University of Ne'v Mexico
Albuquerque, New Mexico 87131

1.0 Introduction and Background

The application of ion beams to the figuring of optical surfaces has been examined
for a number of years by several groups of investigators. The technique is generally
intended to perform the Znal figuring of surfaces which have several optical waves of
error relative to the desired figure. Until recently, ion beam figuring has not odered
promise to be an efficient, practical method for figuring optics.

Today, the ion beam figuring (IEF} process appears to be very viable, based upon
advances over the past several years in two areas of technology. First, ion beam souices
now have current capabilities over 1000 times higher than those sources available when
the IBF process was first considered. Higher current capability translates directly into
higher material removal rates. In addition, the ion sources availablz today are relatively
small and can be easily maneuvered within a vacuum system, in sharp contrast with the
physically very large ion sources which were once considered for IBF.

Second, phase measuring interferometers are available which are capable of
automatically acquiring a map of the optical surface. A surface map typically consists of
a numerical array describing the optical phase at several thousand points on the surface.
This data format is quite adaptable to automation when contrasted to fringe acquisition,
processing, and reduction.

The ion bez:n figuring process has a number of advantages over conventional figur-
‘ng techniques, especially for processing large, lightweight optics. These advaniages
include the following:
1. IBF is a deterministic process. Fewer figuring iterations are required to achieve a
given figure.

2. IBF can figure 100% of a surface. There are no edges effects as with conventional
polishing.

3. IBF can be used to figure delicate, lightweight structures: temporary warping and
related problems due to weight loading are eliminated.

4. IBF is not constrained to any particular shape of optic, whereas conventional polish-
ing techniques are most easily applied to circular optics.

5. IBF is capable of correcting long spatial wavelength figure errors. Conventional pol-
ishing becomes very time consuming when dealicg with these kinds of errors.

6. IBF, metrology, and final coating can be performed in one location, with the optic
in its final mount and final orientation.
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The work described here summarizes several years effort investigating the IBF pro-
cess. We have examined a number cr practical issues, and have prcliminary results from
the application of IBF to figuring 30 cm diameter optics.

2.0 Experimental Arrangement

The experimental arrangement we are presently using to figure 30 cm glass and
metal optics is illustrated in Figure 1. The one-cubic-meter box coater contains the
optic, one or more Kaufman ion sources for slective material reomval, and a sputtering
scurce for the selective deposition of substrate material. The sources are mounted on a
computer controlled translation apparatus. The surface is monitored by a ZYGO Mark
M1 phase measuring interferometer with a 30 cm imaging aperture. Optical surface map
infcrmation is transferred to a minicomputer where system algorithms determine the ion
source operation parameters required to figure the surface. The same system arrange-
ment concepts can be scaled to accommodate large optics.

3.0 Practical Issues

Practical issues which have been considered in apulying the IBF prozess iuclude the
effect of ion milling on surface roughness, substrate removal rate, substrate 4amage due
to ion milling, the redepositicn of sputtered substrate material on the optic, and the pro-
perties of ion sources (profiles, stability, repeatability, controllability, etc).

To examine the effect of ion milling on surfac: roughness, fused silica substrates
were characterized for surface roughness as a function of ion milling depth. For example,
in the case cf fused silica, roughness does not noticeably increase for mill depths zs large
as 15 microns. Surface roughness does not appear to be a problem for glassy or single-
crystal materials. The surface roughness was characterized using our optical scatterome-
ter, substantiated by stylus profilometer measarements at the Naval Weapons Center.

Substrate damage due to ion milling was assessed by ion milling fused silica sub-
strates to a depth of 1.5 microns, then examining the suiface using infrared ellipsometry
(pecformed at the Naval Weapons Center). No damage was detected, within the meas-
urement accuracy.

The substrate removal rate was characterized using the interferometer and carefully
controlled icn doses. A: =n ion energy of 1500eV, the removal rate for fused silica using
Ar’ ions was found to be 13.7 mg/Amp-min. Thus for a one ampere ion current (cusily
achieved using maultiple sources), the time to remove 1 micron of fused silica from a 2
square meter substrate would be 2.8 hours. This 1s much fzster than the time required
to perform the removal usinrg conventional polishing techniques. If Kr® ions were used,
this time would be reduced by approximately 30 percent.

The problem of redeposition of sputtered mauerial back onto the optic was found to
be easily eliminated through the use cf properly designed shields.

The ion sources were characterized using current probes znd, afier milling suitable
test flats, interferonietry. The beams were found to be temporally and spatially stable
after a short warmup period. The use of intelligent power supplies greatly enhances the
stability of the ion sources.
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4.0 System Algorithms

The system algoiithm determines the manner in which the ion beams are directed
onto an optical surface to achieve a given figure, and ultimately determines the total
time requited to figure the surface. in addition, the system algorithm makes it possible
the estimat~ how closely a given desired surface figure can be achieved, given the starting
figure and &« menu of available ion source profiles.

The computation of the dwell time of the ion beam at each point on the optic is
based on deconvolution methods similar to those used in image restoration. The low
image noise levels and well characterized spatially invariant ion beam milling point
spread function allow the restoration to be perfcrmed using Fourier-transform based,
thresholded inverse filtering techniques. The nonnegativity constraint for ion beam dwel!
times is satisfied when proper threshold levels are used.

For optical surfaces with a short focal length, additional processing will be neces-
sary. This is due to the fact that the removal profile may have some spatially variant
comporents as the surface slope becomes large.

5.0 Results of Figuring a 30 em Optic

We have preliminary results from figuring 30-cm optical flats of both copper and
fused silica. In the case of the fused silica sample, the initial surface was approximately
1.8 waves peak-to-valley (0.41 waves RMS) from flat. Using a single, 40ma ion source,
the optic was figured to 0.27 waves peak-to-valley (0.042 waves RMS) from flat in 5.5
hours of beam time. The figure of the optic both before and after ion beam figuring is
illustrated in Figure 2. Due to the limited metrology capability of the prototype IBF
system, further figuring was not attempted.

6.0 Summary

To date there appears to be no fundamental issue to prevent the IBF process from
being a practical method to figure glass-like optical materials. Preliminary performance
data from figuring a 30 cm fused silica optical flat appears promising.
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FIGURE 1. Experimental arrangem.cnt of the IBF system.

Starting surface
P-V = 1.762 waves
RMS = 0.405 waves
1 wave = 633 nm

Residuals after milling
P-V = 0.267 waves
RMS = 0.042 waves
1 wave = 633 nm

FIGURE 2.

Full systam demonstration to figure 30cm fused silica flat. Total beam dwell
time: 5.5 hours. The apparent hole in the center of the optic is an obscura-
tion in the interferometer beam train.
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HOLOCRAPLY IN ADVERSE LNVIRONMENT

by J. Surget
Office National i'Etudes et de Recherches Aérospatialcs
BP 72, 932322 Chatillon Caie:: - France

The important sizes of easily available holopialez compared with
the diameter of a classical microscope lens makes it possible t35 obtain a
given value of angle u rilh a rach greater distaace of view D using hologra-
phy rather than using any conTentional optical systes.

2 - Rpplication to glidiag spark propagation study

The holographic image transport technique was used at first for
the investigatice of the gliding spark propagation on a surface, intended to
simulate in laboratory an atmospheric leader lightning [2,3].

The two purposes of this study arc the measuremesits of the radius
cf the spark chacael and its refractive index {the value of the latter being
related to the local eieitron density).

hs the radius chanuel varies fror i00 to 300 pn depending on the
test conditions, a microscope is needed to measure it. Howaver, it is
iepossible to observe the arc directly through a microscope since the
120 000 ¥ electric voltage used for the experiment requires a free distance
of 400 mz fcr safety. Moreover, for each discharge, the channel has to e
examined simultrsneously cver a lepgth of some 150 ma, whick is of course
mucd greater than a microscopic field of view.

Consequently, a specially designed holcgraphic set-up has been
icplemerted (Fiq. 3) [4,5]. Aa expanded las~r beanm (test beam 1% is Jirected
to a dielectric polished slab P on which the discharge propagates. The re-
flected test beam coxes back to the photoplate ¥ after double passing
through the discharge channel. The 1laser is a pulsed yag laser, freqguency
doubled, delivering 0.22 § in 15 ns at 0.532 na. The visible radiation
associated with the electric discharge has a low level compared to the laser
beam in plane &, so that, the channel behaves 1like a simple transparent
medius {phase object).

A reference collimated beam R originating from the same laser is
also directed to H after a symmetrical path regarding to the test path.

Figure A shows the apparatus as instatled in the discharge labora-
tory. The dark punnel standing in the back is the 1.lished black plexiglass
wall serving as a dielectric. The spark glides over this pannel guided by an
electrode vertically fixed on its rear face. The holographic bench does not
touch the plexiglass: it is located at a distance D = 400 mm from the spark
region as indicated figure 3. On account of this safety interval, the
theoretical resolution 1limit calculated from (1) is 3.5 ym for the
102 ¥ 127 me photoplate area.

The 1laser, on the right side of the photograph is not part of the
holographic device, but is placed at a safe distance (2 m) from the plexi-
glass pannel raised to 120 000 V.

Interferograas of the discharge channel are recorded wusing the
double exposure holographic technique, with wvarious dalays 4T after the
spark ignition. Figure 5 shovs two examples of finite fringe interferograms.
The radius of the channel and the refractive index inside it are deduced
from the deformation of the original straight pattern {3,5].

These interferograms (Fig. 5) reconstructed as indicated Figure 1lc
were photographed through an usual sicroscope, alsc ased for fringe shift
measurements (Fig. 3b;.
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3 - Copclusior

Holography has beer successfully operated for the investigation of
the g¢lidirg spark propagatica on a surface. High voltage {120 kV! requires,
for safety considerations, a minimum distance of 49C mm betweer the spark
and the opservationnal device, excludizg divect observation by means of a
microscope. This severe constraint has been overcoge using a holoplate as an
intermediate storage b2tween the unapproachable phenomenon and instruments
of observation and analysis.

The diameter of the discharge channe’ has been measured with ar
accuracy of 5 pm over a 1iength of 150 mm. Furthermore, the valve of the
refractive index inside the spark has been determined.

It can be mentionned that a similar holographic device was also
applied for the study of the internal structure of a turbulent seeded gas
flame, and also for studying the deformation of a three dimensionai opaque
object placed at several meters [6]}.

These examples demonstrate the ability of holography as a power-
full technique for observing an unapproachable phenoamenon.
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All-Metal Resonator Designs for
Visible/Near-infrared Free-Electron Laser Oscillators*

Brian E. Newnam
Chemistry and Laser Sciences Division
Los Alamos Nationzl Laboratory, MS J566
Los Alamos, New Mexico 87545

Summary

The multiple radiation environment of future high-current
free-electron laser {FEL) oscillators will pose severe requirements on the
resonator mirrors. In addition to withstanding the high-average power,
high-repetition-rate pulses of the fundamental laser radiation, the optical
properties of the mirrors must not be degraded by the attendant optical
harmonics, gamma rays, neutrons, electrons, and vacuum. Furthermore, the
initial mirror absorption must be low enough so that the reflected
wavefront distortion is tolerable when various types of mirror cooling are
employed.

Multilayer dielectric reflectors for visible- and near-infrared
wavelengths are known to be susceptible to damage or degradation by
several of the above radiation hazards, and experimental data to support
their use in the presence of some of the other radiations is just now
becoming available. To assure that future operation of high-power
oscillators will not be limited by optical damage considerations, we
propose the use of ring-resonators consisting of all-metal mirrors. One
such resonator design, shown in Fig. 1, includes multiple-facet, end
mirrors and intracavity beam-expanding mirrors each used at grazing
incidence, e.g. Oinc 2 85°. The metal of choice for wavelengths longer than
500 nm is vacuum-deposited silver although gold and copper films are
possible alternatives. At such large angles with S-polarization, the metal
mirrors are much less susceptible to degradation from exposure to the
high-energy radiations than are dielectrics. Further, scaling to large sizes
should be within the potential capabilities of the optical industry.
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We have accumulated and evaluated pertinent experimental data on
metal mirror reflectance, absorptance, scatter, and damage resistance,
published by a number of researchers, to support the technical feasibility
of all-metal FEL resonators.

* This work was performed under the auspices of the US Department of
Energy and supported by the US Army Ballistic Missile Defense
Organization.

Figure 1.
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Impinged Droplet Evaporative Cooling for Optical Mirrors
Subjected to High Thermal Flux Loads

John A. Wellman
Eastman Kodak Company
901 Elmgrove Road
Rochester, New York 14650

John J. Meyers
Eastman Kodak Company
901 Eimgrove Road
Rochester, New York 14650

Utilization of evaporative cooling for optical mimrors subjected to high thermal flux loads has
been investigated. Analytical and experimental results show advantages cver convective cooling.
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Radiation Effects in Optical Components

E.J. Friebele
Naval Research Laboratory
Washington, DC 20375

Components of high performance optical devices may be exposed to high
energy radiation environments during their lifetime. The effect of these
adverse environments depends upon a large number of parameters associated with
the radiation (nature, energy, dose, dose rate, etc.) or the system
(temperature, optical performance requirements, optical wavelength, optical
power, path length, etc.), as well as the intrinsic susceptibility of the
optical component itself to degradation. Two years ago there was a special
session on Radiation Effects in Optical Materials at the Southwest Conference
on Optics,[l] and the reader is referred to this volume for an in-depth
description of materials effects.

Radiation Environments

The principal radiation environments to be considered in this review are
defined by energies substantially greater than the band gap of the optical
materials. Hence, the damage mechanisms will be primarily electronic or atomic
in nature, rather than thermal, as in the case of high energy laser damage.
Naturally, there will be synergistic effects in an optical element that is
simultaneously exposed to nuclear and laser radiations, but the primary ccncern
of the review is the former.

The natural radiation environment is perhaps the most benign. Terrestrial
dose rates are low, =0.146ads per, year both at sea level or, interestingly, on
536 ocean floor due to K and Ra in both the sea water and sediment and

Th in the sediment; substantially higher dose rates can occur near high
activity deposits. In space the dose rate and erergy depend on the height and
inclination of the orbit and can be >50 rads/day. Of course, the spectrum is
highly peaked at low energy so that shielding is effective in reducing the duse
rate to a point, but rates of 1 rad/day are easily anticipated on the interior
of a spacecraft in a low earth polar orbit.

The system in or near which the optical device is operating can also be a
source of radiation. For example, optics may be used to monitor the interior
of nuclear reactors or fusion devices; the optics in high energy lasers are
exposed to scattered electrons and x-rays from the pump; and the laser itself
can inducte color centers thrcogh multiphoton processes. The nature of the
system—inducad radiation envircnment obviously varies widely, but the more
benign case of the scattered laser pump irradiatiun will certzinly be
exacerbated by the high power laser loading of the optic.

Firally, one must consider the effect of hostile radiation exposure on
optica:r componeats, The nature and energy of such an environment depends on
factors such as weapon type, yield, burst height, terrain, etc., and the reader
is referred to the book by Glasstone and Dolan.|2] Generically, there is an
initial "prompt" transient irradiation consisting of y-rays, neutrons and beta
particles from the fission and fusion reactions; the duration of this pulse is
typically 10-50 nsec. [In the same time scale is the so-called thermal or
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blackbody radiation of the weapon, which occurs in the 0.1-100 A (120-0.12 keV)
range, corresponding to soft x-rays.] The atmosphere serves as an attenuator
for the high energy radiation pulse, whereas the dose can be several orders of
magnitude greater in space. Following the nuclear reaction, optical components
will receive subsequent radiation due to decay of fission product iscmers, y-
rays from high energy compound nuclei formed by neutron capture, and y-rays
resulting from radiative capture reactions of high energy neutrons with
nitrogen nuclei. This latter component is particularly important since the ¥y
rays have high energy. The total dose associated with these delayed Y
components is limited by the overpressure and thermal radiation that the system
can withstand. Finally, there are residual sources of radiation due to fallout
for terrestrial systems and the enhancement of the Van Allen belts for
spacecraft.

Damage Mechanisms

There are basically three damage mechanism appropriate to optical
materiale, whether they are crystals or glasses:

1. Knock-on damage results from the transfer of momentum and energy from an
incident particle to a atom sufficient to break bonds and move the atom from
its normal lattice position. As a rule of thumb, 25 eV must be transferred to
the atom for this process to occur. It is easy to envision atomic
displacements in materials bombarded with neutrons or ions, but electrons with
energies =100 keV can transfer 25 eV energy to the lattice atom. Likewise, if
incident photons such as Y rays or x rays haye sufficient energy, displacements
can still occur via the Compton process. Co y rays (1.5 MeV) can lead to
copious displacements of both Si and O in Si0,, while 100 keV x-rays cannot
transfer sufficient energy to the Compton electrons to displace either.|3]

2. Damage in the form of electron rearrangement occurs when radiation-
generated free electrons and holes are trapped at separate sites in the
material. The formation of electron-hole pairs by ionization is the most
dominate process in any irradiation, but whether or not the individual carriers
are separately trapped depends on the presence of precursor trapping sites or
their creation by the irradiation itself. For example, an oxygen vacancy in
amorphous Si0, (=Si : Sim) can trap a hole, leading to the formation of an E'
center (=Si J%, vhile the corresponding interstitial oxygen in the form of a
peroxy linkage (mSi-0-O-Sim= also traps a hole to form a peroxy radical (=Si-0-
0°). Both these defect centers have been detected in irradiated S$iO,.
Another example is the change of valence which occurs when multivalent iomns
trap holes or electrons, as in the case of Ce or Fe. It is interesting to note
that irradiation of glasses with Fe impurities appears to increase the
ttansmiiﬁjon in the uv as the Fe™ , which absorbs in the uv, traps electrons to
form Fe” , which absorbs in the ir.[4! If preexisting defects or impurities
are the only available traps for the radiolytic electrons and holes, the
ccacentration of defect centers will saturate at some fixed dose. In practice,
the defect center concentration is observed to grow as some combination of
linear and saturating behavior, indicating both formation and population of
precursor trapping sites.

3. The radiolytic displacement of atoms has been well established in alkali
halide crystals[5], but only recently attributed to oxide crystalline and
amorphous materials such as Si02.|3] This is a multi-step prccess initiated by
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the near., 100Z efficient formation of self-trapped excitons, which in alkali
halides consists of an electron bound in a loose orbit about a hole trapped by
a pair of anions. The energv for displacement is derived from the nonradiative
recombination of the electron-hole pairs and typically results in propelling
the anion from its lattice site., The energy required for this process is quite
low, on the order of the band gap, and accounts for observed effects induced by
radiacions with energy insufficient to displace atoms by knock-on processes.

Optical Components

It is convenient for the purposes of this review to limit the discussion to
passive optical components, and in particular to thin film refiective or
antireflective coatings, bulk transmissive optics, and substrate materials.
Various degradation modes are appropriate for these: decreased transmission,
changes in refractive index, density and coefficient of thermal expansion,
surface erosion and deformation, charge trapping and dielectric breakdown, to
mention a few. 1In spite of these diverse phenomenologies, there is a common
origin for many of the effects in the defect centers induced in the material by
the radiation exposure. For example, there is evidence suggesting that both
the transient compaction and transient uv optical absorption induced in
amorphous SiO2 by pulsed irradiation can be attributed to transient E'
centers.|3]

The radiation sensitivity of thin films is expected to be greater than
corresponding bulk materials since lhe purity, stoichiometry and microstructure
of thin film cptical coatings is usually inferior and there is a much greater
surface area. However, the thickness of a coating is much less than that of a
bulk optic, so a higher volumetric concentration of radiation-induced color
centers can be tolerated than say in an optical fiber. Since thin film
dielectric stacks are used to enhance the optical performance, decreased
reflectivity/transmission, enhanced absorption, or changes in optical path
resulting from refractive index variations are particularly detrimental.
Coatings can be fabricated to be resistant to natural space radiation
environments{6], but even the plasma of a HeNe ring laser gyroscope has been
found to significantly increase the absorption of the mcltilayer thin films on
the mirrors. The much iore serious issue of enhanced Y ray environments and
synergistic effects of laser and high energy radiation exposure remain
unresolved at this time. A further effect of electron irradiation of thin
films is dielectric charging which may cause the thickness of the film to be
decreased, particularly 2f it initially of low density. If the charge exceeds
the dielectric strength of the film, breakdcwn occurs resulting in catastrophic
failure. A further effect of radiation is the removal of surface atoms, either
by momentua transfer mechanisms such as sputtering, or by desorption induced by
electron transitions. The understanding of the surface erosion phenomena by
either of these mechanisms or by interaction with low energy atomic oxygen is
extremely important if the films are to survive in a space environment.

The radiation resistance of bulk optical components can be increased
significantly through purification and processing, the latter to remove
dislocations, defects, and internal strain. This strategy is aimed at
decreasing the number of sites available for trapping and stabilizing the
radiolytic electrons and holes. Of course, defect creation by the incident
radiation will provide a suite of traps, but processing can at least increase
the resistance of an optical component to low dose eanosure. Significant
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tradeoffs are required in some cases, such as in refractive optics where high
refractive index is achieved through incorporation of heavy metals while
radiation hardening dictates removal of these high Z constituents. Because of
the extensive prior studies of radiation damage in alkali halides[5] and
$i0_[3], the understanding of radiation effects in these materials is fairly
advanced. However, radiation damage by multiphoton absorption during intense
uv exposure and synergistic effects of laser and high energy radiation are only
now being realized. Likewise, charge trapping and dielectric breakdown remains
a potential problem in these materials.

At first thought it would appear that mirror substrate materials would be
insensitise to radiation exposure, except for bombardment by heavy ions or
neutrons. However, large optics for surveillance or high energy lasers require
maintaining an extremely high optical figure and uniform thermal expansion
coefficient to prevent distortion. Some materials such as Si, Mo, and Be are
anticipated to fail only from melting, while glass and ceramic substrates
materials such as $i0,, Zerodur (a multiphase ceramic) or ULE (Ti-doped S$i0,)
evidence changes in critical properties induced by ionizing radiation exposure.
For example, radiation-induced compaction is well known in silica glass and
occurs with x-ray energies as low as 2-18 keV! These increases in density will
lead to surface deformation with the resultant loss of optical figure. Since
all of the low CTE mirror substrate materials are insulatcers, they also are
subject to dielectric charging and breakdown.

Motivation

As the performance requirements of optical components become less tolerant
of radiation-induced degradation, conventional hardening strategies such as
material selection-purification, minimization of surfaces, strains and line
defects, employing higher temperature or temperature cycling, intentional
doping with elements to provide competitive traps, or optical bleaching may no
longer be sufficient. It then becomes imperative not only to understand the
phenomenclogy of radiation effects in optical components, but also to
understand the basic damage mechanisms and resultant defect center which are
adversely affecting performance. Only by exploiting the latter will it be
possible to develop materials for future optical devices. It is apparent that
there is a good deal of commonality in failure mechanisms among various optical
components due to their common origin in the radiation-induced defect centers.
It could be reasonably expected that enhanced understanding of the defect
centers and damage mechanisms in a material in one component will lead to
hardening in other components.

1. "Radiation Effects in Optical Materials,” P.W. Levy, Ed., SPIE Vol. 541
(1985).

2. S. Glasstone and P.J. Dolan, "The Effects of Nuclear Weapons, US Government
Printing Office, 1977.

3. D.L. Griscom, ibid ref. 1, p. 38.

4. For a review, see E.J. Friebele and D.L. Griscom, "Radiation Effects in
Glass," in Treatise on Materfals Science and Technology Vol. 17, Glass II, M.
Tomozowa and R.H. Doremus, Eds. (Academic Press, NY, 1979) p. 257.

5. R.T. Williams, ibid ref. 1, p. 25.

6. T.M. Donovan, this issue.
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Gamma Radiation-Induced Absorptions
In Calcium Fluoride

C. W. King
Harshaw/Filtrol Partunership
6801 Cochran Road
Solen, Ohio 44139

0. H. Nestor
Harshaw/Fiitrol Partnership
6801 Cochran Road
Solon, Ohio 44139

INTRODUCTION

The characteristics of calcium fluoride under adverse conditions have received
increasing attention in the last several years. Many workshops and symposia
have focused on laser induced damage in calcium fluoride and other materials
vhen used as Jaser windows.

The purpose of the study reported here was to investigate the transmissionm
characteristics of calcium fluoride while varying the exposure to gamma
radiation.

EXPERIMENTAL METHOD

The calcium fluoride crystals used in the experiment were 25 x 30 x 10 mm3.
The transmission measurements were made through the 30 mm path length using a
Perkin Elmer Model 330 Spectrophotomster.

The radiaticn was 0.662 MeV gamma rays ‘rom approximately 9.0 x 106 curies of
137 Cesium. The radiation was incident on the crystals from both 25 x 30

mm faces. The exposure rate was approximately 1.0 x 106 Rads per hour. 1In
this experiment 12 crystals in all were exposed; three crystals at four
differeat exposure levels. The exposure levels were: 1.37 x 106, 2.49 x
106, 3,57 x 106 ard 4.35 x 106 Rads.

All crystals were kept in the dark and at room temrerature throughout the entire
exper iment.

EXPERIMENTAL RESULTS

Figures 1-4 show transmittance versus wavelength from 190 to 2500 nm for
increasing exposure level. Measuremen.s are shown for both before and after
exposure. All absorptions appear at the shorter wavelengths and iancrease with
increasing exposure, with the most sensitive absorption apparently centered
about 380 nm.

Figure 5 shows non-typical absorptions even at the lowest exposure levels.
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Figure 5: Calcium Fluoride Transmittance Pre and Post Exposure

CONCLUSIONS

The changes in transmission for some calcium fiuoride crystals have been
characterized for several exposure levels of gamma radiation.

Current work includes the investigation of fading of the absorptions at 20°C,
annealing to reduce absorptions and the correlation of low levels of impurities
with absorptions at certain wavelengths.

It is suggested that if, under irradiation conditions, correlations can be
established betveen very low levels of impurities and absorptions at certain
wavelengths then this could become a technique for determination of crystal
purity.
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VARIATION OF THE INDEX OF REFRACTION IN GLASSES
EXPOSED TO IONIZING RADIATION
Thad J. Englert and Mark Flohr
University of Wyoming
Laramie, Wyoming 82071
INTRODUCTION

The attenuation of 1lightwaves propagating through optical fibers that
have been exposed to ionizing radiation has been the subject of considerable
experimental and theoretical investigation during the past few year':;.1

This attenuation has been attributed to the creation of color centers
within the glass comprising the core and cladding of the fiber, these color
centers generally being located at impurity sit:es.2 Very little effort has
been reported dealing with any stuay ~f the effects on the index of
refraction of the materials of the fiber as a result of radiation exposure
however .

It takes but a moment of consideration of even elementary theories to
see that variations in the refraction indeces can alter the waveguide
properties of a fiber,3 and it therefore seems appropriate to make some
study of the influence of ionizing radiation on the index of refraction of
glasses. This report gives some preliminary results on the change in the
index of refraction of glass after and during exposure to gamma radiation.
CHANGE OF INDEX OF REFRACTION OF GLASS DUE TO GAMMA-RADIATION

1. As a first attempt at determining whether gamma radiation causes
any change in the index of refraction in glass, we have caused the gamma
radiation from a 1-Curie cesium-137 (gamma ray energy 0.663 MeV) source to
strike a high quality microscope slide and observed the change in the
reflected interference pattern from the slide. The light source used to
observe the interference pattern from the slide is a helium-neon laser
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(wavelength 632.8 nm). The interference pattern is recorded on film for
comparison with the interference paitern from the slide before irradiation.
Since we are at first only interested in answering the question of whether
or not any effect is expected, little attention is paid to uniformity of
radiation exposure and the slides are simply centered in the diverging
gamma-ray beam. Figure 1 is a representative photograph of the interference
patterns from a slide before and after a gamma-ray exposure of about 4.5
rads.

The maximum change in the order of interference is about one-half a
fringe corresponding to a variation in optical path of half a wavelength. A
simple calculation gives a change in the index of refraction of about .02
percent.

2. To obtain a rough estimate of the rate at which the index of glass
refraction changes with radiation exposure, we have placed a small, good
quality prism in the gamma-ray beam and observed the change ir minimum angle
of deviation of a helium-neon laser beam passing through the prism during
gamma irradiation. Figure 2 shows the change in index, measured to be 1.53
before irradiation, as a function of time. The prism was placed
approximately 15 cm from the cesium source during irradiation. It is of
interest t0 note that there is an apparent saturation effect as is often
seen in those measurements of lightwave attenuation in irradiated fibers.
Very little recovery toward the original index of refraction of the prism
was observed over a time period of 30 minutes after removal of the gamma-ray
bean. Higher dose rates may give results different from those noted here
since the rate of radiation exposure in optical fiber glasses seems to

affect the severity of optical deterioration in many reported cases.

34




WD3-3

CONCLUSIONS AND COMMENTS

Moderate doses and dose rates of 0.663 MeV gamma radiation do affect
the index of refraction of glass. It is probable that higher irradiation
dose and dose rates will cause even more significant variations in the index
of refraction of glasses, Based on these observations, it seems advisable
to make more critical measurements of the alteration of the optical
qualities of fibers that have been exposed to ionizing radiation.

An additional comment regarding the detrimental effects of ionizing
radiation on opticai fibers is in order. Most of the past measurements have
used cobalt-60 as a radiation source, the gamma-ray energies from this
isotope being 1.17 MeV and 1.33 MeV. A given dose (rads) of gamma-ray
exposure at these energies represents about half as many photons as the same
dose using 0.663 MeV gamma rays from a source like cesium-137. It is not
likely that the cross sections, for the kinds of reactions leading to
deterioration of the optical qualities of fibers, are much different at
these two energies. It is suggested, therefore, that the same optical
effects may be observed at approximately half the radiation dose if the
gamma-rays are at half the energy.

REFERENCES
1. E. J. Friebele, K. J. Long, C. G. Askins, M. E. Gingerich, M. J. Marrone
and D. L. Griscom, Overview of Radiation Effects in Fiber Optics. In
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ments. (SPIE Volume 541).

2. David L. Griscom, Nuc. Inst. and Meth. in Phys. Res. B1, (1984) u81-488.
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(a) (b)

Figure 1. Reflected interference patterns from a high-
quality glass microscope slide before (a) and
after (b) a 4.5 rad exposure to 0.663 MeV gamma

rays.
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Figure 2. Change of index of refraction of a high quality
prism with time of exposure at a rate of 0.4
rad/sec.
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Radiation Damage to Dielectric Mirrors
Francis B. Harrison
CLS-9, MS E543
Los Alamos National Laboratory

Los Alamos, NM 87545

We have measured the change in reflectivity of multilayer dielectric
(Alumina-Cryolite) high-reflectivity mirrors under simultaneous irradiation
by a KrF laser (248-nm) and electrons from a (2 MeV) Febetron 705
accelerator.

Measurements were made at a number of different laser pulse energies
and electron intensities. In no case but the last (highest intensity) was
there any indication of a reduction in reflectivity due to the radiation
pulse. We shall give the results only for the last run.

The Questek Series 2000 excimer laser put out a pulse about 20 nsec
long, wicth a shape indicating longitudinal mode beating (fig. 1). The beam
was rectangular. Vertical scans at different horizontal positions gave a
smooth, approximately Gaussian profile, but the horizontal scan showed an
irregular shape (fig. 2) which was not improved by spatial filtering. The

quoted beam intensities correspond to the highest peak.
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Radiation Damage...Mirrors
F. B. Harrison

The radiation pulse shape (fig. 3) was measured by an x-ray detector
placed on the wall behind the target mirror. The low-intensity tail is due
to electrons of lower energy than the main peak. The radiation dose was
measured with radiochromic film, and the peal dose rate deduced from the
shazpe of the x-ray pulse. No correction was made for ttre difference in x-
ray yield of the lower energy electrons, or for the difference in dese rate
in the film as compared to the dielectric layers.

The mirrox was coated by Litton Airton. Measurements at Los Alamos
have shown a XrF laser damage threshold for similar mirrors from 1 to 3
J/cmz, and 100% damage points as high as 8 or 10 J/cmz.

The position of the test spot on the mirror was not changed between
shots.

Because of jitter in the laser and Febetrown firing circuits, it was
necessary to take a number of shots in order to get a coincidence hetween
the peaks. Both the x-ray and the laser tracez were very reproducible.

For the last run, the dose per shot was 360 krad, giving a peak dose
rate of 1.4 x 1013 rads/sec. The laser energy on target was 105 mJ, giving
a peak fluence cf 1.54 J/cmz. The flux was 120 MW/cm2 at the first pulse
(see fig. 1), 150 MW/cm2 at the second pulse.

In five cases the first pulse was at or near the radiation peak. The
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Radiation Damage...Mirrors
F. B. Harrison
pulse heights were compared to those in seven shots, in which either the
Febetron was not fired, or there was no overlap. The result showed an
increase under radiation of

(1.9 +3.8) %

Similarly, in five cases the second pulse was at or near the radiation
peak. A comparison with seven no-radiation cases gave a decrease under
radiation of

(6.3 £2.6) %
Visual examination of the mirror after the test showed no gross damage.
We plan to measure damage thresholds with and without ionizing

radiation pulses, in the hope of gaining information on the damage

mecnanism.

Fig. 1: Temporal profile of laser pulce.
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Radiation Damage to Dielectric Mirrors

Francis B. Harrison

Fig. 2: Horizontal spatial profile of laser pulse.

1 div (200 gsec) = 1.25-mm

Fig. 3: X-ray pulse shape
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Effect of Surface Pitting in Transparent Domes on Scattered Light

Douglas W. Ricks, Naval Weapons Center, Code 3151, China Lake, CA 93555

Introduction: A dome which covers an optical instrument is designed to
protect the optical instrument from pitting caused by the impact of dust, rain
or hail. When flown on the wing or nose of high speed aircraft the erosion
can be severe. This adverse environment will degrade the optical performance
of the instrument by decreasing transmittance and by increasing the amount of
light scattered by the dome.

Four domes were investigated in this study. The domes are nearly
iemispherical with an outside radius of curvature of 4.235 inches. The dome
thickness is 0.25 inches. The dome material is a zinc crown glass, ZKN7.
Each dome was flown on the nose of an A~4M Navy plane; the most pitted dome
(No.3) for 701 flight hours. One relatively new dome was flown through hail.
Each dome showed numerous tiny pits. Dome No.3 appeared to have 25,000 pits
per square inch at the center when viewed under low magnification. The
hail-damaged dome (No. 4) had noticeably larger pits and only a few small
pits. Initially both surfaces of each dome were coated with a single laver of
MgFy to reduce reflection losses at 760 nm.

Measurement Apparatus: The measurement of total integrated scatter was made
by Phil Archibald of the Naval Weapons Center. The total integrated scatter
represents the fraction of the incident light that is scattered in the forward
direction 2.25° to 170° from the transmitted beam axis. All measuremeuts of
scatter were made with the beam incident along the surface normal. There were
measurements macde at the dome center, at 8 points in a circle 1.1 inches from
center, at 15 points 2.2 inches from center and at 15 points 3.3 inches from
center. After the measurements were made using a 647.1 nm laser source the
measurements were repeated using a 1150 nm laser source.

Transmittance was measured at 633 mmn using a HeNe laser for a source. The
beam was polarized then split into a reference beam and the transmittance
weasuremzat beam. Two EG&G High Sensitivity Infrared Radiometers were used to
detect the two beams. The transmitted light collected was within 2.25° of the
transmitted beam axis. The energy was incident along the surface normal at
the dome center. Transmittance measurements were also made along the surface
normal at 1.1, 2.2 and 3.3 inches from the dome center.

The near-angle scatter was also measured at 633 mnm. The measurement system
consists of a HeNe laser (1 mW) which is focused through a 0.01 inch diameter
aperture by an achromat lens of focal length 3 inches. The beam is collected
and collimated by a 12 inch diameter mirvor (focal length 71.6 inches) which
is tilted in the horizontal plane. The diameter of the collimated beam is
about 1 inch. The dome is placed at a distance of 4 feet from the mirror.
The transmitted and scattered light is collected by another 12 inch diameter
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mirror (focal l2ngth 71.6 inches) located 5 feet from the dome. A 0.001 inch
diameter pinhole is placed at the tangential focal plane. The distance from
the osirrer to Doce2l plane ie 100 dinches due to the combination of weak
negative power in the dome, the 1long distance from dome to mirror, and

5

ﬁi positive power in the mirror. The angle of incidence is made equal on the two
i 12 iach mirrors to reduce coma. Lens, mirrors and apertures are several times
3 larger than the beam to minimize diffraction.
e

5

Five inches behind the pinhole is placed an EG&G High Semsitivity Infrared
Radiometer. A narrow band optical filter betveen the decector and piuhole
biocks out 98%Z of the ambient light which passes through the pinhole. The
pinhole and detector are located on translation stages and are moved
together. In a typical weasurement scan 100 data poiats are taken at a
spacing of 0.0002 inches which corresponds to about .00015 degrzes, another
100 data points spaced 0.001 inches (.00074 degrees) and 88 points at
intervals of 0.01 inches.

Results: The most severe erosion is at the center of the dome and becowes
much less severe away from the center. As expected, the transmittance is
lower and the scatter generally highest at the ceater of each dome.

The total transmittance loss in the most severely eroded domwe (No. 3) varied
from 502 for light incident at the center to aun average of 25Z 3.3 inches away
from the center. For 3 of the 4 domes the transmittaunce varied less than 5%
from average at a given distance from the dome center. For the hail-damaged
dome the total transmittance loss varied greatly mnear the dome ceater;
transmittance loss at some damage locations was nearly 100X but only 82 in
clear areas near the center. In a3 circle 3.3 inches from the dome center the

average transmittance loss in the hail-damaged dome was only about 7Z and did
not vary muca from point to point.

The total integrated scatter (2.25° to 170°) in the forward direction is
approximately half the transmittance loss. This relatiounship holds for all
areas of each dome. The amount of light scattered from these pitted domes
does not depend on the waveiength.

The hail-damaged dome near the center had the greatest intemnsity of near—aungle
scatter. The scatter component of the transmitted beam could be seen at an
angl: »f about 0.002°. The relative intensity at this angle is a little less
than 17 f the peak intensity. Near the center of the hail-damaged dome the
Telative intensity of the scattered light decreases at the rate of about two
orders of magnitude for every one order of magnitude increase im scatter
angle. This rate of decrease continues down to the minimum measureable
scatter level which in the present apparatus is 0.00001Z of the peak
intensity. The scatter intensity does not smoothly decrease with angle;
instead it varies by about an order of magnitude every 2 or 3 thousandths of a
degree. Several inches away from the center of the hail-damaged dome we find
that the scatter ijntensity drops about 7 orders of magnitude for 3 orders of
wagnitude increase in scatter angle.
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For the domes with smaller size pits the scatter component of the beam is too
small to be distinguished from the unscattered beam for angles smaller than
0.01 degree. The relative intensity of the scatter decreases at the rate of
only 3 orders of magnitude for every 2 orders of magnitude increase in angle.
At the center of dome No. 3 the relative intensity of the scattered light at
the scatter angle of 0.0l degrees is aboat 0.01% of the peak intensity.

Conclusions: The following tentative conclusions can be reached. The
measurement of transmittance at a convenient wavelenth is a good indication of
the total amount of scattered light when the surface pitting is large compared
to the wavelength of light. The larger the size of the pits the smaller the
angle at which the scattered light will be observable. The relatively low
level of scattered radiation (less than 1% for large pits and .01% for the
small pitted domes) iandicates that in many cases the performance of the system
will be primarily degraded by the loss of transmittance somevhat degraded by
scatter from large background radiation sources and only slightly by a small
loss of resolution cr contrast due to near-angle point source scattering.
Near-angle scattering is important when it is necessary to resolve a faint
object in the neighborhood of a much brighter object.
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High Damage Threshold Optical Coatings*

D. Milam
Lawrence Livermore National Laboratory
University of California
P.0. Box 55C8, L-490

Livermore, California 94550

Projects at Lawrence Livermore National Laboratory require optical
coatings capable of withstanding fluences of 8-10 chm2 delivered in
single laser pulses with durations of 1-3 ns, or in repeated
irradiations, at rates exceeding 100 Hz, by pulses with durations of
10-50 ns. Future fusion lasers will require coatings with higher
thresholds. To develop these coatings, we maintain a program that is
evaluating sol-gel coatings deposited from solutions, single-layer films
made by chemical vapor deposition (CVD) and coatings made by
conventional physical vapor deposition (PVD).

Porous sol-gel AR coatings are the orly optical films known to

satisfy all current threshold requirements. The median, single-pulse,
2

1064-nm thresholds of thesz coatings range from 11 J/cm” at 1-ns to
33 chm2 at 9 ns. They survive 100 Hz irradiation by 16-ns, 1064-nm
2 2

pulses at fluences above 20 J/cm”, have thresholds above 15 J/cm

*Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore Kational Laboratory under Contract No. W-74C5-ENG-48.
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when tested at 100 Hz with 25-ns, 350-nm pulses. He recently found that

thick (500-800 nm) silica coatings made by stacking 5 to 10 thin
solution-deposited layers have reduced thresholds at 351-nm, and that
subjecting a thick layer to an ozone treatment usually improves its
threshold.

The HR coatings and thin-film polarizers currently available in
large sizes are made by standard electron-beam evaporation. These
coatings usually withstand irradiation by single 1064-nm pulses (1-3 ns)
at fluences of 5-10 chmz. For 350-nm, 25-ns pulses, the thresholds
are typically 1-3 chmz. He have used sol-gel deposition to produce
single layers of several high-index materials, and find that YZO3
and HfO2 show significant promise at both 350-nm and 1064-nm. Efforts
to produce HR coatings by sol-gel deposition will be reviewed.

Little progress has been made in improving thresholds of thin-film
polarizers. Even if sol-gel deposition results in improved thresholds
for HR coatings, it may be very difficult to attain sufficient control
of layer thickness to allow sol-gel fabrication of polarizers. For this
reason, we have begun evaluation of optical coatings made by CVD.

Single layers of Ti0,, produced by CVD using metal organic starting
materials, have exhibited 1064-nm thresholds > 10 chmz (l-ns,

1064-nm). Production of these coatings will be reviewed.
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Fluorine Resistance of Dielectric Coatings for

Excimer Laser Optics
S. Foltyn, J. Boyer, G. Lindholm and K. Padgett
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Porous Halide Antireflective Coatings for Adverse Environments*

Ian M. Thomas
Lawrence Livermore National Laboratory
University of California
P.0. Box 5508, 1-483

Livermore, California 94550

SUMMARY

Many metal fluorides are stable in adverse environments and some are
used as coatings for optical components. In general, these materials
have low refractive indices and are therefore of use as the low index
ccmponent in multilayer AR or HR coatings or, in some cases, notably
Mng, as the single component in simple 1/4 wave AR coatings. Trese
coatings are normally prepared by evaporalion or sputtering and as such
are substantially dense and therefore of an index close to that of the
bulk fluoride material. This is quite satisfactory for multi-layer
applicaticn but is inefficient in 1/4 wave AR coatings on typical

substrates of index about 1.5 because the index is too high.

*Hork performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48.
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To this end we decided to investigate the possibility of preparing
MgFZ or Can high damage threshold, porous (hence low index) AR
coatings that could be used at efficient 1/4 wave AR coatings. OQur
previous experience with silica indicated that colloidal solutions could
be used to prepare excellent porcus coatings at room temperature these
coatings consisting of layers of silica particles. In addition, these
solutions could be applied to water sensitive substrates because
anhydrous suspending solvents were used. By using high purity metal
organic compounds for the preparation of the colloids high damage
thresholds were also obtained. It was hoped that colloidal fluoride
suspensions could be used in 1ike manner to prepare porous fluoride
coatings.

Calcium and magnesium fluorides may be prepared by several methods
and from many different starting materials. A number of combinations
were investigated before satisfactory preparations were discovered,
these being ones in which useful colloidal solutions of the right
particle size could be obtained. Two preparations were develcped for
Mng one using magnesium acetate and the other using a magnesium

alkoxide as magnesium sources:

Mg (OCOCH3)2 + 2HF - NgF2 + ZCH3C00H.
Mg (OCH3)2 + 2HF - Hng + ZCH3OH.




Only one preparation was found for CaFZ, this from calcium

acetate, because the insolubility of calcium alkoxides precluded thei:

use:

Ca (OCOCH3)2 + 2HF -~ Can + 2CH3COOH.

Ai1i coatings were applied using a spin coater on fused silica ¢r
calcium fluoride substrates. In all cases, excellent 1/4 wave AP
coatings were obtained.

Laser damage threshold measurements were carried out at 355 nm with
a single shot 0.6 ns pulse and also at 351 nm with 1000 shots at 27 iz
with a 25 ns pulse. Thresholds in the range 6-8 chm2 were obtained
under the former conditions and 20-25 chm2 under the latter. AN
coatings were prepared such that the maximum transmission occurred at

the measurement wavelength.
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AUGER ANALYSIS OF ELEMENTAL DEPTH PROFILES CORRELATED
WITH MULTI-PULSE LASER DAMAGE OF GaAs SURFACES

Dhirzj K. Sard.'rl, Michael F. Becker, and Rodger M. Walser
The University of Texas at Austin
Department of Electrical and Computer Engineering and
Center for Materials Science and Engineering
Austin, TX 78712

A great deal of effort has b2en made in recent years to understand the mechanisms of laser
induced damage in solids. Semicencductors, in particular, are of intere i beth becuase of
fundamental questions conceniing their damage processes for which they are model systems,
and because of their technological importance.

We present results of a statisticai study of the nature of single and muitiple-pulse laser
damage to single crystal GaAs sarfaces for puised laser radiation (tp=10 ns and |=1064 nm).

Surface morphologies resulting from chemical surface cleaning processes and iaser damage itself
are discussed. The nature of the dependence of damage on accumulated energy in multi-pulse
experiments is determined and correlated with the behavior of other semiconducter and meal
material surfaces. Finally, we present resuits of the Auger analysis of elemental depth profiles

in laser-damaged and control regions of the GaAs surfaces.

The GaAs wafers used in these experiments were production quality wafers from the
Microwave Integrated Circuit Production Group at Texas Instruments, Dallas TX. They were
0.56 mm thick, 50.8 inm in diameter , <100> orieatation, doped with Cr to about 1x ]0'16 cm'3 10
make them semi-insulating, and polished only un the front surface.

Three investigations were carried out in the course of this study: (1) Sample preparation
was studied via the use of chemical cleaning and the controlled growth of surface oxides.

(2) Single and multiple laser pulse damage statistics were accumulated for various surface
oreparation cond:tions. (3) By using sputter etching in conjunction with Auger electron
spectroscopy, changes in elementa: depth profiles produced by laser damage were studied. The

evpernnental procedures used in these investigations are summarized below.
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After cleaning in organic solvents, surface preparation was conducted in room temperature

8H,S0, : 1HyO : 1HyO5 and 1H»S50, : 1H,O : 1H5O, solutions for 10 - 20 s with agitation.
The etch solution was then diluted rapidly with de-ionized water, without exposing the wafer,
and i was kept submerged for 5 min until the surface oxide had been stabilized in a controlled
manner. Finally, the surface was dried with low pressure dry nitrogen.

In the laser damage experiments, a Q-switched Quantel Nd:YAG laser operating at a
pulse repetition rate of 10 Hz, at the fundamental wavelength 1064 nm, with a pulse duration of
10 ns FWHM was used. A computer experimental control and data acquisition system directed
the irradiations and ccllected data for every laser pulse incident on the sample. The incident

laser energy was attenuated by a rotating half-wave plate and a polarizer before being focused

by a 460 mm focal length lens to a near-Gaussian spot at the sample of 270 pm (llc2 radius) as
det~rmined by a scanned knife-edge technique.

Finally, elemental analysis of the surfaces was performed using a Physical Electronics
Scanidng Auger Electron Microscope. Depth profiles were taken for Oxygen, Carbon, Arsenic,
and Galliu:: while sputtering a 2 mm x 2 mm area centered on a laser damage spot and again at a
control arca. Sewcval locations relative to the center of the laser damage spot were examined.
Sputtering rates were calibruted using a stylus profilometer.

In the cxperiments, it was found that the stronger etching solution etched the GaAs
serface de=ply and left unevenly distributed pits. Subsequent laser damage testing showed that
trese wafers fzd higizer damage thresholds for N>10 than lightly etched wafers. For the more
dilute 21ch selution, 4 10 s etch was found to be sufficient to clean the surface without producing
surface pittir.2.

For cach number of laser pulses, N, several sites were irradiated at each energy over a
range o1 energics bracketi.}g; the damage thireshold (from below the lowest damaging fluence to
acove the highest non-dam.aging fluence;. Damaged sites werc later identified under a

Marazski microscope at 2093 From these Jata, the 50% probability damage threshold
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ﬂuenCe,FN, was computed for each value of N.

Accumulation was evident as the damage flucnce was found to decrease monotorically

with incrzasing N. Accumulaticn is most conveniently plotted in ar accumulation curve as log
{Fy; - N] versus log N which t2nds to linearize the data. Data for a lightly etched and a heavily

etched GaAs wafer are shown in Fig. i. A slope less than one shows the presence of
dccumulation: and a slope of exactly one indicates that no accumulation is present. Previous
studies of accumulation in singie crystal Si, Cu 2nd Al indicate that higher quality material
surfaces tend to have slopes closer to one and that lower slopes in the region N<10 indicate the
presence of defcct dominated damage mechanisms. Both the presence of the lower slope for
N<10 and the microscopic evidence indicate ihat this is also true for these GaAs samples
Previous experiments on unetched GaAs wafers showed the same local defect dominated
damage morphologies.

For elementai depth profiling, a site near the edge of a heavily damaged spot, N=30, was
chosen. Figure 2 depicts the unnormalized depth profiles for O, C, As, and Ga at this site. Both
C and O dec¢ase rapidly with Ar” sputtering as expected; however, similar dependence is
observad at tie control site. Surprisingly, the surface layer appears to be As rich even though
As is the more volat'le specie. The exact form of this As rich surface layer changes at tne contro!
site but is still generally similar to the laser damaged site.

In conclusion, we found that although heavy etching, which leaves surface pits, lowers the
laser damage threshold for GaAs; light etching and controlled surface oxide growth dces not
affect the damage bchavior. In either case, GaAs shows accumulation behavier similar to
un-etched GaAs and to many other matenals. Damazge for pulse numbers less than 10 showed
defect dominated characteristic morphology and accumulation behavior. Auger elemental depth
profiles of carbon and oxygen showed little change due to laser damage. The arsenic rich surface

layer was only subtly changed.

! Permanent addiess: The University of Texas at San Antonio, Division of Earth and
Physical Sciences, San Antonio, TX 78285.
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Figure 1. Accumulation curves for laser damage of two GaAs samples at 1064 nm, 10 ns pulses.
Accumulated fluence [FN * N] is plotted versus N. Slopes are indicated on the curves.
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damged site, N=30, at a fluence about 2 times the single pulse damage threshold.
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Compressive Coatings on Optical Compone ‘ts for Improving
Mechanical Durability and Increasing Strength
J. E. Marion
Lawrence Livermore National Laboratory, University of California
P.0. Box 5508, L-490, Livermore, California 94550
I. Introduction
Techniques for realizing high strength and good mechanical durability

in optical components is the focus of the preseat work. Currently, we
are investigating methods applicable to slab geometry solid state lasers
for high average power output.! However, many of our analyses and
methods are appliicable to glass and single crystal components in other
applications.

In the slab lasers, the active elements are single crystals or glass
with rectangular geometries in sizes up to 1 x 10 x 20 cm for single
crystals and 2 x 25 x 70 cm for glass. During laser operation, the stabs
are heated throughout their bulk by absorption of flashlamp light, but
uitly the surfaces are cooled by flowing liquid or gas. The consequent
steady state thermal gradient results in surface tensile stresses that
can exceed the component strength, resulting in catastrophic failure.
Furthermore, during handling and operation, the slab strength degrades by
the accumulation of physical damage on the slab surface. Therefore, in
addition to high strength, the slabs must be mechanically durable. He
investigate a variety of methods to achieve good mechanical durability
and high strength within the context of optically fiat, low scatter, low
absorption surfaces.

1I. Theoretical Considerations

A. Component Strength

(i) Optical surfaces

In this cection, we theoretically assess the strength of optical
surfaces both with and without compressive surface layers. Ke assume
that all surfaces contain numerous flaws from machining damageZ? and
that the largest flaw has depth, a. Standard fracture mechanics gives
the strength of the component, of as?

of = YKc/[%al1/2 m

where K¢ is the fracture toughness of the material, a materials
property which characterizes its inherent resistance to crack growth, and
Y is a geometrical corstant near unity for the surface flaws.

(i1) Compressive layers over optical surfaces

An example of compressive coatiny: over optical surfaces is an
ion-bear: sputtered film deposited on a polished component. Two changes
from a bare optical surface are evident: first, the surface flaws are
now internal flaws and second, these flaws arc now acted on by a tensile
stress, o, whose magnitude is determined by the thickness and strain
of the compressiva layer.

The strength of components with compressive layers on top is thus

of = [YKc/[w(ar211/2] - o4 (2)

where Eq. 2 is similar to EG. 1 except that the crack size a, ic replaced
by a/2 because the crack is now an interp2l flaw (as opposed to a surface
flaw) and ot is the tensile stress acting on the cracks due to the
compressive layer on fop. The internalization of the crack serves to
increase the strength by about forty percent (v2). The decrease due to
the tensile stress term is a small Tactor for most films of practical
interest.
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(iii)Compressive layers incorporated into the surface

Examples of this configuraticn are components strengthened by thermal
tempering, chemical ion exchange, or by ion bombardment. For small
cracks that are completely contained within the compressive layer, having
a stress oc, the component strength is enhanced as

of = oc + YKc/(va)1/2 (3)

When the crack size exceeds the depth of the compressive layer, the
analysis is substantially more complex because the cracks may now be
partially open. Green has numerically determined the stress intensity
factor for this case.® Based on his analysis, we have expressed the
strengthening graphicaily (Fig. 1).

S e e [T, Fig. 1 Strengthening vs.
compressive stress.
Strengthening (> 5x) is
achieved by thick layers

4x

L

» Floas axtead beyond loyer: and small cracks (t > a)
§ mmaarmasay S together with high levels
' of compression. Little or
e no strengthening results

__% from cracks larger than

. —— \\ Pt evtond el 1-soud lever. about five t:mes the

| | O L N\ e P compressive layer
o o . i ! - chickness, regardless of

Semgan whether the compressive
stress is high or low.

B. Component Mechanical Durability

In the absence of a comprassive surface layer, the strength of a
component degrades in accordance with Eq. 1, from physical damage which
causes a crack cf depth, a. HWhen a compressive surface layer is present
the substrate's durability can be substantially improved. The compcnent
strength is not decreased if the crack does not extend beyond the
compressive layer and if the extent of the compressive stress in the
layer exceeds the applied stress. Under these conditions the crack
remains always closed. However, if the crack extends beyond the layer,
the analysis must again ccnsider partially closed cracks. Here, we adapt
portions of Green's numerical solutions? to illustrate the saiient
points (Fig. 2).

Laver Layer thickness Fig. 2 The percent of the original
o o e strength that can be maintained in
100% 2<50 a<2pm the presence of a compressive layer
for two layer thicknesses, 2 and
a=70 2=25:m 5 ym, using several different
0 - crack depths. a is the crack depth
Porcent 2= 1004 7=6am due to the damage. Cracks up to
original ‘ about 2x the layer thickness can be
s 60 27160 2= 18 resisted without excessive strength
--—-___-hh“‘-\\\\> degradation. For resisting damage,
ol the compressive layer thickness,

L . L rather than the magnitude of stress

00 125170 250 500 1000 in the layer, is the most important
Compxessive strass. MPa parameter.
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111I.Experiments

A. Strength

In the absence of a compressive laver, the strength is related to the
depth of the surface damage. Figure 3 illustrates the remarkable
strengtgening (~ 15 x) than can be achieved by minimizing the subsurface
damage.

Fig. 3 Mean strength of laser
garnets with various surface
treatments. Special polish refers
to the sampies in which large
amounts of material were removed
during each grinding operation;
250 ym of material was removed
during the 30-um loose abrasive
; grind, 100 ym removed by 12-pm grit,
©  and 75 ym .emoved by 3-um grit,
fcllowed by polishing. Etching is
for 20 min. in 20C°C orthophosphoric
acid.

Strength, MPg

d {law siee, mit

He are now experimentaily assessing the change in strength of
cotponents when a compressive layer is applied over the optical surface.
He have nct yet examined cases where the layer is incorporated into the
surface. He currently employ two methods for producing compressive
layers: 1ion beam sputtered films and epitaxial films. Ion beam
sputtered silica films are deposited on glass® and on garnet single
crystal substrates.” These fiims are fairly thin, between one and two
microns, and have fairly high levels of compressive stress (~ 400 MPa).
On single crystal garnets we have also grown compressive epitarial single
crystals films. Gd3Gas0y1p:Nd was grown on Gd3Gas0yp substrates in
thicknesses betwaen 5 and 50 uym and with stressec between 50 and 250 MPa.
Table 1 illustrates the modest changes in strength which occur when
compressive layers are added on top of coatings. Thes2 results are in
general agreement with our expectations (Eq. 2).

B. Mechanical Durability

To assess the compressive layers resistance to abrasion and in-service
flaw generation, we model these damage processes using two techniques.
Careless cleaning and handling damage is modeled by abrasion of the
substrates using S ym diamond and laser damage is modeled by a Vickers
micro-hardness incentation at a 2N load. This load is sufficient to
nucleate small racial cracks from the corners of the indentation, causing
surface flaws in *he sample similar to the damage pits.

table 1. Strength with and without compressive layer
Strength Strength

Substrate Llayer Deposition Llayer Layer without with
Material Material Method Thickness tress.MPa  layer . MPa layer MPa
LHG-5 Si0y 1BS 2 400 360 680
GGG Si0) 1BS 2 400 440 430
GGG GGG:Nd LPE 6 220 3010 2149
GGG GGG:Nd LPE 43 50 3010 1870

LHG-5 is a Hoya phosphate glass, GGG is Gd3Gag0yp single crystal, IBS is
jon-beam sputtering, LPE is liquid phase epitaxy.
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IV. Conclusions

Compressive layers applied onto the optical surfaces do not change
the strength very much; the extent of the subsurface damage has a much
more profound effect (Eq. 1 and Fig. 3).

In general, the substrates with the compressive layers resist
physical damage, of the moderately severe level studied, without
significant deterioration in strength and cun therefore be regarded 2s
being mechanically durable (Fig. 4). The trends predicted by our
mechanical durability models are in general accordance with our
experimental cobservations. However, both more theoretical work ano
additional experiments are required to adequately characterize these
systems.

In conclusion, the combination of a low sub-surface damage polish to
give high strength, coupled with a thick compressive layer {or good
mechanical durability will give strong components in service applications.
We have shown that optical components with low subsurface damage and
thick compressive layers, are strong and mechanically Jurable.

The compressive layers were applied by T. Allen, Optical Coating
Laboratory, Santa Rosa, CA., and D. M. Gualtieri, Allied-Signal Corp.,
Morristown, N.J. This work was performad under the auspices of the U.S.
Departmeat of Energy by Lawrence Livermore National Laboratory under
Contract No. W-7405-ENG-48.
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Natural and Induced Space Radiation Effects on Coated Laser Optics
T. M. Donovan

Michelson Laboratory, Physics Division
Naval Weapons Center, China Lake, California 93555-6001

Summary

The reflectance of metal-enhanced, high-reflectance mirrors containisng
amorphous Si and S$i0 multilayers has been found to be stable in a simulated
natural space environment containing the combined effects of solar ultraviolet

light, energetic protons, and electrons. !

By eliminating the wmetal-enhancing
layer from the stack and depositing the coating design on a silicon or fused
silica substrate, the resulting low atomic number (Z) structure presents a
low-absorption cross section for x-rays. Thus, it becomes an interesting design
for studying the thermal and thermomechanical response of multilayer coatings to
pulsed x-ray deposition.

In this paper, the results of pulsed x-ray experiments will be compared

with calculations of predicted melt and thermomechanical dawage. The results

will be discussea in light of pulsed laser experiments.

17, M. Donovan, S. J. Holmes, and L. B. Fogdall, “Enhanced Reflectance

Mirrors for Space-Borne Laser Applicaticns,”™ SPIE Proceedings, High Power Lasers

and Applications, Vol. 270, Los Angeles, CA, 11-13 February 1981, pp. 24-29.
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INCREASED VISIBLE ABSGRPTANCE OF VISIBLE REFLECTORS
DUE TO ULTRAVICLET RADIATION

Stephen Browning and Robert Young
Optical Coating Laboratory, Inc.
2789 Northpoint Parkway
Santa Rosa, CA 95407-7397

High performance laser mirrors exhibit a decrease in visible reflectance
over time when cxposed to the ultraviolet radiation emanatirg from a gasecus
laser plasma. This drop in reflectance can leaé to cessation of laser
action in the worst cases, and unpredictzble system performance in any case.
Ideally the mirrors would maintain a constant high reflectance for an indefi-
nite time pericd. An acceptable aiternative would be for the mirror reflec-
tance to degrade s!ightly over a short time to a then-constant value.

Mirror reflectance is measured using & cavity ring-down lossmeter (1)
(Figure 1), operating at 633 mm. A two-mirror cavity is calibrated for
total round trip radiation loss. A sample is ther placed in the holder and
one end mirror repositioned to form a three-mirror cavity. A1l the increase
in loss for the new configuratior is attributed to the semple, and is com-
posed of transmission, scstter, and absorption. The sample is effectively
isolated in an environmentally controlled chamber (Figure 2), which is also
fitted with a penlight radiztion source (2). This source does rot spectral-
ly matck the laser plasma output, but provides a suitzble, albeit accelera-
ted, simulation. Additional measurements include spectrophotcretric trans-
mittance ir wet and dry ambient conrditions, and off-angle ccatter.

Precision optical flats were coated with high reflector coatings using a
variety of derosition methods. These flats were then measured using the
lossmeter. The sampies were irradiated by the penlight fcr one hour, with
measurements taker every five minutes. Then the penlight was turred off,
with measurements continuing for an additional half hour. "Dry measurement®
indicates that the samples were baked ir air for four hours mininum, then
kept in a nitrogen purged environment prior to and during measurement. “Wet
measurements” were performed without the bake and at ambient humidity.
Figures 3-7 shew the wet and dry measurements of normalized loss with time
for sampies coated with five different deposition methods. The loss is seen
to increase for all samples when uv irradiation commences, and typically
begins tc decrease when the penlight is turred off. Those samples which
display the largest ditfererce in wet and dry loss behavior alsc exhibit
larger shifts ir wavelength for wet versus dry spectrophotometric transmit-
tance. Figure 8 compares dry loss behavior fer the different deposition
methods. The advanced processes tend to show improved behavior. Figure 9
compares wet loss behavior for three different deposition methods when
irradiated with a longer wavelength source.

A1l samples tesied show some increase in lcss when exposed to ultraviolet
radiation. Most of the increase occurs within 10 minutes of the beginning
of the exposure. The presence of adscrbed moisture in the coatings tends to
enhance the increase in loss. All samples exhibit some degree of perfor-
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mance recovery when the uv irradiation ceases. Indeed, recovery can be
accelerated by a low temperature bake in air. Longer wavelength radiation

is less effective at increasing loss. Scatter was not affected by uv radi-
ation.

References:

1) Anderson, D.Z. et al: "Mirror Reflectometer Based on Optical Cavity
Decay Time", Applied Optics 23:1238

2) Analamp Model 81-1057-001,-04, BHK Inc., Monrovia, California 91916
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Damace Threshold and Envirommental Durability
Of Oxide Coatings Deposited Using Ion Assisted Deposition
James J. McNally
USAFA/DFP
Department of Physics
United States Air Force Academy, TO 80840
and
J. R. McNeil
Department of f£lectrical and Computer Engineering
University of New Mexico
Albuguergue, NM 87131
Introduction

The optical, physical and chemical properties of materials in thin film
form can vary significantly from bulk properties. These differences in
properties ave Cirectly related to film microstructure which is predaminantly
columar, containing voids and material inhomogeneities. A number of novel
deposition techniques have been developed in attempts to improve the
properties of thin films. In these techniques, energetic processes are
emplcyed to increase adatom mobility and eliminate the fomma*ion of columnar
microstructure. One of these techniques is ion assisted deposition (IAD).

Thin films deposited using IAD have exhibited mC{g%sed packing density,
improved stability, durability and stoichiometry. Martin, et.al. have
studies the effects on, the properties of z::o2 and Ceo., films bombarded with
02: during deposition.4' McNeil et.al. examined the ef% of 30 and 500 eV
05" barbardment on the properties of TiO, and Si0, films.” Al-Jumaily et.al.
egamined the effects of ion energy and %lux on ofitical scatter in Cu and TiO
£11ms.® McNally et.al. have used IAD, to deposit coatings on heavy metai
fluoride substrates at low i:e:rperatures.2

The purpose of this work was to investigate the effects of IAD parameters
on the properties of Ta,0., Al,0; and Si0, thin films. The opiical constants
and environmental stagiiity of “single-ldyer coatings are rzported. A number
of single~layar. coatings were tested for their resistance to fluorine gas
attack. %he results of these tests, as well as, laser-induced damage results
are presented. We investigated the use of IAD to deposit protective coatings
on heavy metal flvozide (HMF) glass to obtain good quality coatings at reduced
substrate temperature. Single-layer coatings of MgF, and SiO, were deposited
onto substrates of HfF,_RaF,-LaF,-AlF; (HBIA) glass. Tests were performed to
determine film and at3 environmental durability and scratch resistance.
Experimental Arrangement

The coatings were Geposited in a 99 cm diameter, cryogenic pumped vacuum
system. A 1€ cm Kavfman ion source provided a monoenergetic ion beam
indeperdent of the material evaporation process. It provided a low-energy
(269-1009 ev) beam of O, or Ar ions. The Ta,0g, Al,03 and Si0, cogtings were
€1ectron-beam evaporated“with oxygen backfill“pfessure of 1.0 leﬂ' Torr.

The coatings transmittance and reflectance spectra were measured over the
wavelength range 9.185 - 1.2y m using a dual-heam spectrophotometer. The
spectra were used to calculate the refractive index (n), the extinction
cveificient (k) and_the thickness (t) for each coating using a technique due
tc Manifacier, et.al.

Humidity cycle tests were conducted in a controlled humidity chamber.
Tha clatings were exposed to 97% relative humidity at 35°C for extended
periods of time. The film transmittance spectra were examined before and
after the hamidity exposure to determine the amount of spectral shift.

Single-layer coatings were tested at Los Alamos National Laboratory for
resistance to fluorine gas attack. Coated substrates were used as windows on
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one end of a gas filled cannister. The gas content was #.5% F. in He.
Transmittance at 351 mm was monitored at various time intervals to ex&mine the
durability of coatings in fluorine gas enviromment.

A number of AR coatings were laser damage tested at LANL. The
laser-induced damage threshold (LIDT) values were measured with ¢ nsec 351 am
pulses. Pulse repetition frequency was 35 pps with mean spot diameter (1/e€)
of 8.46 mm at the sample surface. All damage testing was n-on-m, where m=16
sites were irradiated at each laser fluence for a maximum of n=148 pulses.
Damage was defined as any visible change in the coating observed under 60X
microscope examination. LIDT value was defined as the zero-probability
intercept value. The coating design was SLIHL where S was the substrate, L
was quarter-wave thick 5i0, and H was quarter-wave thick Al,05.

Results

The values of n (at A = 356 nm) for Al 03 coatings bombarded yith 308,
560 and 1000 eV oxygen ions were detemineg as a function of € surrent
density(J). The values increased “vom 1.64 for coatings deposite. without
bombardment to maximum values of 1,78, 1.68 and 1.68 for films bambarded with
1000, 568 and 308 eV 0%, respectively.

The increase in %.he values of n with increasing 0.% current density
indicated that bombardment during deposition modified fhe growth of film
columnar microstructure. The results indicated that the coatings bombarded
with 1600 eV 0,* had larger values of n than those bombarded with 508 and 390
evo,t. a similar dependence of tefractivg index on bambarding ion energy has
been reported for ion assisted CeO. films.

The current density value (for a fixed ion: energy) at which the maximum n
occurs is often termed the critical value. The rasults illustrated that film
index values decreased for (J! larger than the critical values. The decrease
in index may be explained as a result of degradation in film stiochiometry,
creation of closed isolated voids or oxygen incorporation into the films. The
decrease was largest for bombardment with 188¢ eV ions and least for 309 eV
ions. Similar results for which the values of refractive index decreased for
(J) larger than the critical values have been reported for ion assisted z::o2
films? and Ce0, fiims.>

The valuef of n (at A = 406 nm) for Tafo coatings bombarded with 230,
300 and 500 eY oxygen ions were determ ngd as a gunction of O2 current
density. The values increased from 2.16 to maximum values of 2.25; 2.28 and
2.19 for films bambarded with 5068, 360 and 200 eV O +, respectively. The
increase in the value of n for increasing (J) is simifar to 0, results and
indicated that bombardment during deposition xesulted in film dénsifia\tion.
The results indicated that the Ta,0, coatings bombarded with 30€ ev 0, had
larger values of n than those rded with 59¢ eV 0,”. These résults
illustrate that the effects of ion bombardment are matezzial dependent, The
ion energy at which the largest value of n occurred for 'l'azo5 was 300 «V, yet,
for A’]l?.(? it was 1000 ev.

results again illustrated that values of n decreased for (J) largerx
than the critical values. The decrease was largest for bambardment with S¢@
eV ions and least for 200 eV ions. This energy dependent decrease is
cunsistent with the r ts for IAD Al293 ccatings and results rceported for
ion assisted Zr0, film~ and (leO2 films,

A number of Ta,05 coatings weze exposed to humidity testing to examine
the effects of ion bambardment on film stability. The transmittance curves
for the Ta,0. coatings exposed to humidity testing were measured before and
after expdsire. The spectra for the coatings deposited without bombardment
illustrated a spectral shift to longer wavelongths cf 1%3. No spectral shifts
for IAD coatings within the measurement precision (+ 8.5 nm) of the
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spectrophotometer were obierved except for one case. Similar results have
been reported for IAD ZrC,,” The Ta,0. results are summarized in Table IL.
II

Spectral Shifts for Ta,0 Coatingg After “umidity Exposure
E (eV) 3 (& an”d) Spectral Shift (%)
o 6 2.0%
309 10 6.3%
308 20 0.0%
360 40 0.0%
500 10 0.0%
500 20 ¢.9%

A number of coatings were studied for the effects of static exposure to
fluorine gas. Three single-layer Al,0, coatings were exposed to @.5% dry F
in He gas mixture. The coating depos_i’ted with no ion bambardment suffered ng
degradation in optical transmittance after 670 hours of exposure. The optical
transmittance for this coating dropped by 4% after 1863 hours. The Al.o
coating bombarded during deposition with 500 eV 02* at a current density of25@
A an™ “ suffered approximately 4.5% loss in Optical transmittance after 473
hours of exposure. The coating bombarded with 588 ev 0.% at 25 uA cm™
suffered approximately 10% loss in optical transmittance agter only 28 hours
exposuce. Four Ta,0; coatings were exposed to fluorine gis tests. The four
coatings all sugfered a >5% loss in transmittance after only 360 hours
exposure. The performance of the Ta,0; coatings was \ery poor relative to
required performance criteria.

A number of Al,5,/5i0, AR coatings were laser damage tested at LANL. The
zero-probability LIDI"values for MZS,’%{SiOZ cgatings bombarded with 36C and
560 ev oxygen ions were measured sus 0, current density. Tantalum (Ta)
filaments were used in the ion source. Wi%h one exception, it appears that
the IAD coatings did nct have higher LIDT values than the coatings depo+site6
with no ion bombardment (J:-#). The coatings bombarded with 300 eV at a
current density of 10 UA an? had an average LICT value of 6.1 J cm ““with a
+7% variation for the coatings tested. This represents a 65% increase in LIDT
value over the J=0 ccatincs.

A contamination analysis of IAD TiO., coatings indicated that tungsten (W)
filawent material was incorporated into %he coatings.” As part of this study,
a number of IAD Al 03/SiC, AR coatings were deposited using W filaments in the
ion source ("W coa2|:1ngs . Another set of coatings were deposited using
identical IAD conditions except Ta filaments were used in the ion source ("Ta
coatings™). The purpose of this comparison was to attempt to control one
defect in 1AD coatings and to measure LIDT values for coatings in which
different filament materials were used.

The "Ta coatings™ had LiDT values consistently higher than the "W
coatings". The largest difference is for the higher energy (569 eV), highar
current density (40 YA cm ) case. The average value of the increass in LIDT
for the "Ta coatings®™ was 40%. This exceeded the run-to-run variations in
LIDT values which was +25%. The resu. ts appear to indicate an improvement in
LIDT value for "Ta coatings™ over "W coatings™.

Yeavy metal fluoride (HMF) glasses have attracted considerable interest
as raltispectral transmissive optical components, laser host materials and
optical fibers. However, despite their promising optical characteristics,
many compositions are relatively soft and hygroscopic. Fluoride glass
materials have low softening temperatures, typically 206°C. This precludes
application of standard thin film deposition techniquzs which require a
substrate temperature of 250-360°C. An HBIA glass sample was coated with 6.5

um IAD Mg¥, filw, and another sample was left uncoated. A drop of water was
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placed on each sample for approximately 16 hours. The samples were then
examinel using a Nomarski microscope. The results for the uncoated sample
illustrated the known susceptibility to aqueous corrosion of an unprotected
fluoride glass surface. The result for the coated sample showed that it did
not suffer any rcticeable degradation. An HBIA glass sample coated with €.5
um IAD SiO, was also subjected to a water d-op test. Again, there was no
noticeable degradation in the film exposed to the water drop; it appeared
exactiy as the portion not exposed. Thus, overcoatirng a fluoride glass with
an IAD coating may offer adequate protection from moisture attack and allow
the use of HMF glasses in adverse enviromments.

The effect of a coating on the abrasion resistance of HMF glass
substrates was investigated. Samples were subjected to an eraser-rub test and
examined using Nomarski microscope. A sample was divided into two section;
one section was coated with 6.5 ym IAD MgF,, and the other section was left
uncoated. The sample was then subjectea to an eraser-rub test. The
unprotected HMF glass was soft and subject to abrasion, while the IAD coated
section was hard and much less subject to abrasion. The abrasion resistance
for two MgF, coatings oa glass substrates was investigated. It is well
established fhat MgF, films deposited onto unheated substrates are soft;
substrate temperatufes of 250°C are required to produce durable films. One
sarpie was coated with 0.5 ym IAD MgF,, and the other was coated with 8.5 um

MgF, deposited with ion bambardment. The samples were then subjected to an
eraSer-rub test. The unbombarded (J=0) sample was scratched, whereas the

bomburded sample was much less scratched. This illustrated that the IAD
coated sample was more durable than the J=# sample. Another HMF sample was
divided into two sections. One section was coated with 6.5 ym IAD SiO,, and
the other section was left uncoated. Results similar to those obtai for
the IAD MgF, coated samples were obtained. The coated section was much less
scratched %han the uncoated section. Although the abrasion resistance test
used was qualitative in nature, it appears that harder films may be obtained
using IAD. These results indicate that overccating a fluoride glass with an
IAD coating can enhance the durability of HMF glasses.
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The heavy metal fluoride (HMF) glasses are a new class of optically useful but
environmentally unstable materials. These materials possess desirable optical proper-
ties, including a broad transmittance range from the mid-IR (~7 gm) to the near-UV
(~0.3 pum), low absorption and scatter losses, low dispersion, low index of refraction
and low thermal distortion.! However, despite their promisieg optical characteristics,
many HMF compositions are hygroscopic and relatively soft. Thus, hermetic coatings
are required that wili protect HMF glasses without degrading their optical properties.
The problem is compounded by the fact th-« HMF materials have low softening tem-
peratures, typically ~200° C. This preciudes standard thin film deposition techniques
that require a substrate temperature of ~300°C. It is important to note that optical
coatings conventionally deposited at low temperature usually exhibit reduced refractive

index, increased optical absorption, poor environmental stability and less resistance to

abrasion.
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A relatively new technique for improving the optical and mechanical properties of
thin films is ion assisted deposition (IAD), which involves bombardment of the growing
film with ions during deposition. It has been shown that IAD can produce films with
properties that approach those of bulk materials.>® We have applied the JAD process to
deposit optical coatings of 'I‘iO2 at reduced substrate temperature (T =~ 175°C), and
achicved thin films of this material that have increased refractive index and improved
environmental st.ability.4 In addition, we have successfully used IAD to deposit protec-
tive optical coatings of MgF, and SiO2 at a lower temperature (T = 10C* C) onto HMF
substrates.” We now extend the previous work to describe the properties of Ta205,

A1203 and 'l‘iO2 thin films deposited using IAD at ~100°C.

Films were deposited in a 90 cm diameter stainless steel bell jar vacuum system
with a base pressure of ~4x10 Torr. The chamber was backfilled with ~10™* Torr
02 during deposition. Substrates were heated to ~100°C with lamps actively con-
trolled by a thermocouple monitoring system. The filns were deposited at a rate of 2 A
st using an e-beam evaporative source, and were bombarded with O'; from a Kaufman
ion source during deposition. A detailed description of the experimental apparatus may

be found in reference 6.

The optical coatings were analyzed for their index of refraction and optical absorp-
tion.” For all three film materials, the values of film refractive index increase for
increasing ion current density, suggesting that IAD has increased the packing density of
the film material. Other methods of analysis were a test of environmental stability
after exposure to humidity and an eraser rub test to study abrasion resistance. These

also indicated that IAD increased the film packing density.
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Another application involving ions in depositing thin films is to preclean the sur-
face by bombarding with energetic Ar* prior to deposit.ion.8 While this is an effective
way of removing contaminants from a surface, certain compositional and morphological
changes in the substrate can occur which could have an effect on the properties of the
flm.210 In the case of HM. Jlass, little is known about the effects of substrate pre-
cleaning with Ar* bombardment. We have therefore investigated the possible effects
Ar* precleaning might have on HMF substrates by using ellipsometry to look for cry-
stalline phase changes in the material.

Substrates of HMF glass were bombarded for £+: minutes w'th Ar*. The Ar pres-
sure during bombardment was ~10" Torr, and the bombardment conditions were
those typically used for precleaning (E = 500 £V, J ~ 75 pA cm>). After bombard-
ment, the substrates were removed from the apparatus and analyzed using a Rudolph

ellipsometer having a HeNe laser as its light source.

The low softening temperatures of heavy meta! fluorides limit processes that han-
dle these materials to temperatures below ~200°C. It is not known, however, what
effects, if any, might occur from using heavy metal fluorides in a process that operates
at intermediate temperatures (~30°C < T < ~206° 7). In an effort to investigate «.
effects such processes might have on HMF materials, we have used ellipsometry to
examine the possible crystalline phase changes in HMF material that has been subjected
to room temperature, ~100°C and ~200°C in a ~10* Torr Ar atmosphere. We
have also simultaneously bombarded separate samples of this material with Ar™ while
they were exposed to the three different t-mperature conditions. Results from all three

crystalline-phase studies will he presented.

74




[}
2]
B8l
[4]

ls]
[6]
7]
(8

[}

10}

[ RN N GRR N NN TR AL RN AN N BTN ERER L L R T T {2t 85" $a7 Jet Be' E:b €4t 2ot 0n

ThBS5-4

D. C. Tran, G. H. Sigel, Jr. and B. Bendow, IEEE/OSA J. Lightwave Technol. LT-2, 566 (1984).
P. J. Martin, R. P. Netterfield and W. G. Sainty, J. Appl. Phys. 55, 234 (1984).
J. J. McNally, G. A. Al-Jumaily and J. R. McNeil, J. Vac. Sci. Technol. A5, (1986), in press.

F. L. Williams, J. J. McNally, G. A. Al-Jumaily and J. R. McNeii, J. Vac. Sci. Technol. AS, (1986),
in press.

J. J. McNally, G. A. Al-Jumaily, J. R. McNeil and B. Bendow, Appl. Opt. 25, 1973 (1986).
J. R.McNeil, A. C. Barron, S. R. Wilson and W. C. Hermann, Jr., Appl. Opt. 23, 552 {1684).
H. Demiryont, J. R. Sites and K. Geib, Appl. Opt. 24, 490 {:985).

S. 1. Petvai and R. H. Schnitzel, in Surface Contamination: Genesis, Detection and Control I,
edited by K. L. Mittal (Plenum, New York, 1979), pp. 297-311.

D. M. Mattox, in Deposition Tecknologies for Films and Optical Coatings . edited by R. F. Bunshah
{Noyes Publications, Park Ridge, New Jersey, 1982), pp. 251-254.

R. Kellv and H. M. Naguib, in Atomic Collision Phenomena in Solids, edited by D. W. Palmer, M.
W. Thompson and P. D. Townsend {North-Holland, Amsterdam, 1970), pp. 172-191.

75



R ILILILYY S IR LY. r S LTI L L B T R Y. N O T T R R DT T TN,

KEY TO AUTHORS AND PAPERS

AlJumaily, G. A. — ThBS
Alvarez, Jr., P. — WA3
Apfet, Joseph H. — WB
Barron, A. C. — WB3
Becker, Michael F. — ThA4
Boyer, J. — ThA2
Browning, Stephen — ThB2

Crowe, David A. — WA2, WA3

Dix, M. G. — WA3
Donovan, T. M. — ThB?

Englert, Thad J. — WD3

Facey, Terence A. — WA1

Hackwell, J. A. — WA3
Hagen, Paul H. — WA3

Kab, Austin — ThB3
Karr, Thomas J. — WC1
Kaveney, William J. — WB1
King, C. W. — WD2

Waise Rodger M. — TivAe
Wilians, ForrestL. — ThiS
Wiison. § R, — W83

Young,-Rabert — ThB2

7£




TOPICAL MEETING ON
OPTICS IN ADVERSE ENVIRONMENTS

Postdeadline Materials

Changes to the Program

Paper WA3 entitled "Learjet Observatory Operations in the Tropics" by P.
H. Hagan, et al. was withdrawn.

In its place, two papers were presented: paper WA3A entitled "Radiation
Induced Absorption in Pyrex" by G. K. Miley, R. Chapman, J. Nadler, and W.
Williams, University of Illinois (no written text provided); and paper
WA3B entitled “Effects of Irradiation with Photons and Charged Particles
on Optical Emission and TSD Currents from and in Silicate Glasses" by R.
A. Weeks, et al., see page 78.

Supplementary Material

Expanded summaries are presented for two papers: paper WA2 entitled
"Ultra Lightweight Optics in a Cryogenic Environment"™ by D.A. Crowe, see
page 83; and paper WC4 entitled "Impinged Proplet Evaporative Cooling for
Optical Mirrors Subjected to High Thermal Flux Loads™ by J. A. ¥ellman,
and J. J. Meyers, see page 86.
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ABSTRACT submitted for the Southwest Optics'87 Conference
Feb. 9-13, 1987, Albuquerque, NM

Effects of Irradiation with Photons and Charged Particles
on Optical Emission and TSD Currents
from and in Silicate Glasses

R.A. Weeks & D. L. Kinser, Mech & Matls.Eng. Dept.
R.Haglund, N.Tolk, M.Shea, H.Pois, & J.Ye, Physics & Astronomy Dept.
Paul Wang, joint MME & P&A Departments
H. Mogul, Electrical Engineering Dept.

Vanderbilt University, Nashville, TN 37235

Surfaces of the silicate glasges were irradiated in ultra-high
vacuum by 5 keV and 9 keV Ar beams. Surface composition was
monitored before and after irradiation by analyzing light emitted

by excited atoms, ions and molecules sputtered from the glass
surface.

Research supported in part by Naval Research Laboratory under
contract N00014-86-C2546.
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Effects of Irradiation with Photons and Charged Particles
on Optical Emission and TSD Currents from and in Silicate Glasses

R.A. Weeks & D. L. Kinser, Mech & Matls.Eng. Dept.
R.Haglund, N.Tolk, M.Shea, H.Pois, & J.Ye, Physics & Astronomy Dert.
Paul Wang, joint MME & P&A Departments
H. Mogul, Electrical Engineering Dept.

Vanderbilt University, Nashville, TN 37235

Ton-induced desorption of Spectrosil and Spectrosil WF and charge
storage of Spectrosil WF using a thermally stimulated current (TSC)
technique have been measured as a function of energetic particle Ar
and gamma-ray irradiations. These results indicate significant dif-
ferences in ion-induced descrption between the two types of 3pectrosil
which we tentatively attribute to material processing effects. The TSC
data show that charge storage effects are surprisingly large.

Radiation Induced Charge Displacement

The displacement of charge in a dielectric by energetic radiation
is a phenomena which has been known since the early observations of
Lichtenberg who observed radiation induced catastrophic dielectric
discharge. The displacement of charge, which produced such effects,
depends upon the details of the type and energy of the racdiation as
well as the material and other factors such as temperature.

Figure 1 displays the results of a thermally stimulated polariza-
tion current (TSPC) measurement made on Spectrosil WF without radia-
tion. It displays a curreny rise beginning at approximately 180 C.
After exposure to 1.8 X 10 isotropic gamma-ray flux, in the same
sample, the current rise begins at approximately 80 C. This observa-
tion indicates that the Spectrosil WF has a large number of charged
defects created by this radiation flux. These are released as the
sample temperature increases and recombine providing the observed
current.

Ion-Induced Desorption from Spectrosil and Spectrosil WF

The impetus behind this portion of the work was the desire to
find a cleaning protocol for glass samples when introduced into a
ultrahigh vacuum environment. We intended to look at the radiation
from particles sputtered by argon ions from the sample surface as a
function of time, in order to be certain that any contaminant over-
layer material was removed in a reproducible way prior to carrying our
desorption studies. In addition, we wanted to find out whether the
relative abundance of impurity species on the surface was correlated
with the bulk compositional analysis of the glass. A typical spectrum
from the excited neutrals and ions desorbed by ion bombardment from
spectrosil is shown in Figure 2, where the spectral lines of many of
the desorbing species appear in addition to the normal bulk fluores-
cence. Many, though not all, of these spectral lines have been iden-
tified as belonging either to Si or to various impurities in the
glass.
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The first indication that there was a more interesting aspect of
this s?udy in surface cleaning protocols came when we irradiated
Spectrosil WP -- another fused silica preparation made with a dif-
ferent intermediate processing step to reduce hydrogen coriient --
ander the same conditions. These data are shown in Figure 3, in which
the bulk fluorescence peak resembles in a general way the broad bulk
fluorescence signal of Ficure 2, but in which the individual atomic
emission lines have disappeared. Since both spectra were taken for the
same incident flux of 5 keV Ar ions, the disappearance of the in-
dividual emission lines from desorbing atoms is an indication that the
energy of the incoming ions is no longer being dissipated through
excited neutral and ionic desorption channels. This is a result of
immense significance, because it represents possibly the first ex-
perimental evidence that one specific mechanism of radiation damage ~-
namely, surface desorption -- is dramatically inhibited by an iden-
tifiable change in processing of this fused silica.

We have also measured the detailed behavior of certain of the
silicon and calcium lines with a view toward establishing an "energy
budget® for the incident ions and also to aid in identifying the
mechanisa responsible for the Si desorption. For the Si line at 2516
A, for example, the decrease in total peak area at high total doses
means that less of the incident ion energy is being metabolized by the
material through that channel. In contrast, the relative intensity of
the Si line at 2881 i actually increases slightly -- suggesting that
at high doses, it is likely that it is the dominant desorption event
leading to loss of Si from the surface. Similar contrast may be drawn
for the two Ca II lines studied.

The width of an emission line is well known to be one benchmark
indicator of the velocity of the velocity distribution of atoms
emitted. The Si line at 2516 A has a width approximately four times as
large as that of the Si line at 2881 A, indicating that the desorption
event represented by the former results in higher velocity Si. For the
Ca lines, by comparison, the relative linewidths are nearly equal, but
there is a strong dose-rate dependence which suggests that the
mechanism producing the Ca II desorption is changing, probably due to
radiation-induced changes in the environment of the desorbing Ca ionms.
In the future, it should be possible using well-known laser induced

fluorescence techniques to measure the actual velocity distribution of
these species.

In summary, we have demonstrated even in these early experiments
that the study of optical transitions in desorbing neutrals and ions
from Spectrosil and Spectrosil WF is providing significant microscopic
insights on the radiation-damage process as well as on the effects.
Further study using electrons and photons is expected to provide
complementary information, particularly with respect to the detailed
desorption mechanisms.
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Figure 1. Thzrmaily stimulated polarization current observed in a
synthetic silica (Spectrosil WF) subjected to isotropic 60-Co
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Figure 2. Typical optical spectra from excited neutrals and ions
desorbed by ion bombardment cf synthetic silica gless
(Spectrosil).
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ULTRA LIGHTWEIGHT OFTICS IN A CRYOGENIC ENVIRONMENT
David A. Crowe
Eastman Kodak Company, 901 Elmgrove Road, Rochester, N.Y. 14650

Infrared sensing systems require optics to operate at cryogenic temperatures for
reduction of signal-to-noise ratios. Cutrent systems such as Infrared Astronomical
Satellite have used beryllium mirrors for these applications. Substantial system
performance improvements can be obtained by using glass optics. Fused silica is the
mirror material of choice at cryogenic tCmperatures because of its low total strain and
the near zero CTE (Coefficient of Thermal Expansion) at 150 K. Kodak has verified the
cryogenic performance of fused silica, frit bonded mirrors and has developed mount
attachments for low temperature applications. The next step is development of the
kinematic connection of the attachments to a mounting ring while minimizing focai shift
and mirror decerter. The development of a mounted mirror assembly capable of Gperating
from room to cryogenic temperatures with little chacge in optical figure will increase
performance capability for all programs inveiving cold optics.

The objective of this task was -0 evaluate the optical performance of a mounted
ultra lightweight frit bonded fused silica mirror at 100 K. Demonstration of cryogenic
performance of mounted glass optics coupled with Kodak’s glass technology expertise,
will result in improved performance of high quraliiy, cooled optical systems.

The kinematic mount designed and fabricated for this task is directly sczleable to
larger diameter optics. A NASTRAN finite element model was constructed and used to
analyze conceptual designs. Natural frequencies, surface figure degradations, despace
deflections, and thermally induced stresses were analyzed and traded to arrive at tne
final design geometry.

Optical evaluations conducted before and after assembly verified acceptzble leveis of
mount strain are present in the mirror. The mounted mirror assembly was instailed in
liquid nitrogen cryogenic shrouds in the thermal/vacuum chamber and cooled to
approximately 100 K. Optical evaluations of the mirror at rcom and cryogenic rempera-
tures were used to evaluate any changes of the surface. The optical evaluations were
compared with cryogenic tests of the unmounted mirror te determine mount-induced effects.

A mirror assembly is shown in Figure 1. The mirror is an /2.0, 0.5 meter diameter with
0.368 cm pilates, 0.127 cm struts for a total weight of 4.3 kg. The mount weight is 2.7 kg.

Figure 1 - Mounted Mirror Assembly
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The mount concept uses six flexures arranged in three sets of bipods. This concept,
rigidly supports the mirror and isolates the optic from motions of the supporting
structure. The mount stiffness is a function of the cross sectional arca of the flexure
while the isolation is provided by the significantly lower bending stiffness of the
flexure. Thus, in the design of these components it is possible to optimize the
geometry to satisfy both dynamic and thermoclastic performance requirements.

One of the most important mount design requirements was to minimize optical surface
deformation due to thermal expansion of the mount components. To address this goal, a
trade study comparing the load transmitted to the mirror versus the flexure buckling
strength and induced stresses was performed by varying the flexure length and diameter.
The analysis indicate the flexure design would satisfy the requirements for thermo-
elastic performance and provide design margins greater than 2.

This analysis dctermined the loads transmitted to the mirror at the mount/mirror
interface. These loads were applied to the finite element model of the test mirror to
determine the resulting deflections of the optical surface. The result were evaluated
using NASTRAN to determine the magnitude of the induced figure error. The results for
10 K indicated the maximum optical surface degradation to be 0.002 ARMS surface at 6328 A.

The finite clement model of the structure was used to determine the natural frequency
(>220 Hz.) of the mounted mirror and the flexure stresses. Using both the microyield of
Invar and the critical buckling stress of the flexure as design criteria, the maximum
tolerable g loads were established as critical buckling, axial 13.0g and tranverse 7.5g
and for compressive microyield, tranverse 1€.0g (mircoyield of Invar 51.7 MPa).

The mount was fabricated from Invar to take advantage of its low CTE. The attach-
ment to the mirror used a technique developed under a previous DARPA study "CRYO
PASSIVE MIRROR TECHNOLOGY STUDY", January 31984. This technique consists of frit
bonding three oblate spheroid knobs to the mirror back surface, then loading them in
compression with Invar clamps. The challenge for the task being reported was to couple
these clamps to a stiff reaction structure while maintaining the mirror’s exceilent
cryogenic performance.

The mirror and shroud assembly is shown by Figure 2. The mirror and inner shroud
are inserted into the larger shroud, then the lower pan is attached in place. Testing
was performed through an optical window using a Twyman-Green interferometer at the
center-of -curvature.

Figure 2 - Mirvor and Shroud Assenaly
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A summary of optical test results are shown in Figure 3. The low levels of mirror
surface distortion are evident. A qualitative representation of the results is shown in
Figure 4. These interferograms show the wavefront under progressive tests. The largest
effects (spherical error) are introduced by the vacuum chamber window.

The effects of assembly and test operation was quantifiably assessed by performing
point-for-point subtractions of the surface profiles of two optical tests to produce Delta
maps. In cach case, the mirror and mounted assembly exhibit good stability. By subtracting
tac unmounted thermal change from the mounted tnermal change, the effect on surface quality
contributed by the mount is determined to be 0.025 A RMS. Since this value is closc to the
single orientation test repeatability of 0.02 A RMS, the actual mount effects may be lower.

The character of the mirror with and with out mounts can be seen in Figure 3. These
wavefront maps arc computer averages of several interferograms. Relatively dark areas
indicate highs and lighier shaded arecas represent low regions. Note that the wavefront map
representing the mount effect is generally random. The lack of an identifible mount strain
pattern indicates that much of the measured effect may be test repeatability.

The data shows this mirror has a surface quality of 0.06 RMS when mounted and cooled to
100 K. This value, determined by adding the thermally induced error to the mounted mirror
figure, verifics the capability for near diffraction limited performance by this lightweight
mirror assembly.

A cryogenic mounting technique capable of performance at 10 K has been developed and test
at 100 K. Excellent thermoelastic performance was obtained as evidenced by the 0.06 ARMS
mirror surface quality.* The mounted mirror assembly was also shown to be extremely stiff
and lightweight. Test and analysis valves showed good agreement, increasing our confidence
in the ability to scale the design to larger diameters.

* The mount effect contributing to this value was determined to be 0.02 A RMS. The results
of this test yields confidence that the design will demonstrate excellent performance down to

10 K.
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Figure 3 - Cryogenic Mount Optical Results Figure 4 - Test Interferograms
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Impinged Droplet Evaporative Cooling for Optical Mirrors
Subjected to High Thermal Flux Loads

John A. Wellman
Eastman Kodak Company
901 Elmgrove Road
Rochester, New York 14650

John J. Meyers
Eastman Kodak Company
901 Elmgrove Road
Rochester, New York 14650

Optical mirrors used in applications where high fluxes of thermal energy
are absorbed by the faceplates, such as high energy laser systems, require
active cooling to preveat damage to optical coatings. Impinged droplet
evaporative cooling is a new concept which can be utilized for cooling open
back lightweight mirrors. The wmirror will be cooled by the explosive
evaporation of a fine atomized spray of water directed against the back
curface of the faceplate. The temperature of the impinged water droplets
will be maintained 2t the saturation temperature, 30 that all heat is
removed by the latent hgat of ?porization of the water. Heat transfer
coefficients of 7.1 x 10 watt/m“°C have been achieved during testing with
coolant flow rates which are much less than those required for forced
convective cooling.

Figure 1 is a diagram of the impinged droplet cooling concept. A matrix of
spray nozzles, corresponding to the cells of the mirror structure, is
mounted behind the mirror, with one nozzle directing an atomized water
spray into eacn cell of the mirror. The steam formed by water evaporating
from the back of the mirror faceplate flows out of the open cells and is
either vented or can be condensed on a condenser &ehind the mirror. The
water droplets coming out of the nozzle must move through the exiting steam
as they approach the back of the mirror. If the work on the drop due to
the 2erodynamic drag force of the steam flowing past the droplet exceeds
the kinetic energy of the drop at the nozzle, the droplet will be swept
away by the exiting steam and never reach the mirror. Likewise, the drop
will bounce or splatter from the surface removing very little heat, if the
kinetic energy of the droplet when it hits the back surface of the
faceplate exceeds the energy associated with surface tension which holds
the droplet onto the surface.

Droplets which reach the surface and adhere will spread out by forces
associated with surface tension into a thin film. When a drop has spread
on the surface, the heat needed for vaporization is conducted into the thin
film and evaporation occurs on the exposed surface until the drop has
completely disappeared. Because the water droplet arrives at the
saturation temperature, only the latent heat needed for vaporization must
be conducted into the thin film. The rate of heat transfer into the drop
is related to the contact area of the drop on the surface and inversely
related to the thickness of the water film formed by the spreading droplet;
the thinner the film, the higher the heat transfer coefficient. There are
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two important factors affecting the thickness of a droplet spread on a
surface; wetting angle and droplet diameter. Surfactants can be used to
decrease the wetting angle of the droplet on the surface, causing the
droplet to spread out into a thinner film. Droplet diameter will vary with
the operating characteristics of the spray nozzle selected, but smaller
droplets yield thinner films and, therefore, higher heat transer
coefficients.

Uniformity of the spray of atomized water droplets delivered to the back of
the mirror faceplate is important for controlling the temperature. If an
insufficient number of drops hit the surface in a particular area, the
entire flux load will not be removed and the temperature will rise.
Likewise, if too many drops hit the surface in an area, a water film or
puddle will form, decreasing the heat transfer coefficient in that area.

The coolant delivery efficiency is defined as the theoretical amount of
coolant required to remove the flux load divided by the actual amount of
coolant delivered by the nozzle. There are a number of factors governed by
the characteristics of the nozzle which effect the coolant delivery
efficiency of the system. These factors include the uniformity of Spray
coverage as related to the theoretical amount, the amount of overspray
outside the heated surface to be cooled, the number of water droplets with
insufficient velocity to arrive at the heated surface, and the number of
water droplets having a kinetic energy in excess of the surface tension and
thereby bounce from the surface without remdoving any heat.

Structural distortion of the mirror and the corresponding optical figure
error, which would result from a pressure differential across the
faceplate, can be eliminated by matching the operating evaporation pressure
within the system to the ambient pressure. This will result in a change of
the saturation temperature of water, resulting in the back surface of the
mirror to be cooled to the new saturation temperature. This is an advantage
when removing high flux loads. ror example, if the threshold temperature
for damage to surface coatings is 200°C and the operating pressure is 690
Pa, the saturation temperature is around 2°C, allowing the maximum
tegperature difference through the faceplate to be 198°C. If operating at
10 Pa (1 atm), where the saturation temperature is 100°C, a maximum
temperature difference through the faceplate is only 100°C.

Testing was conducted to simulate a single mirror cell at atmospheric
conditions, with the objective of proving validity of the concept of
impinged droplet evaporative cooling. Figure 2 illustrates the test setup.
The mirror simulator was a 13 cm diameter aluminum disk. Electric heaters
applied to one side of the disk provided the heat source. The temperature
difference across the disk, measured by thermocouples located within the
disk, was used for calculating the heat flux. The cooled surface
temperature was extrapolated from the temperature gradient within the
aluminum disk. Water supplied to the spray nozzle was provided by
pressurizing the water supply tank. The steam which was generated was
vented to the room.
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Testing verified that the concept of impinged droplet evaporative cooling
can remove heat fluxes of 5 to 15 watts per square centimeter with high
heat transfer coefficients and extremely 1low coolant flow rates,
Limitations in the experimental apparatus prevented testing at thermal flux
loads greater than 15 watts per square centimeteg. lieaE transfer
coefficients were achieved as high as 7.1 x 107 watt/m“°C. For
demonstrated coolant delivery effj‘ciency of abo?t 67 percent, the negded
coolant mass flux is only 6 x 107 grams/sec cm for each 1.0 watt/cm® of
absorbed heat flux., Figure 3 is a photograph of the aluminum disk during a
test. The surface appears dry except where droplets have just impacted the
surface and have not completely evaporated. The parameters which must be
carefully controlled with evaporative cooling include droplet size, droplet
velocity, mass flow rate, spray uniformity, surface tension and surface
roughness.

An analysis was made to precict the perfermance limitations of evaporative
cooling. Only first-order effects were taken into consideration and the
results for a nozzle spacing of 5 cm and a wetting sngle of 15 degrees are
plotted in Figure 4. The envelope of evaporative cooling is bounded by the
Leidenfrost temperature, which corresponds to a AT t of about 17°C and
the sonic limit of the relative droplet velocity to tné exiting steam. The
temperature difference, AT__., represents the difference in temperature
between the saturation taﬁerature of the droplets and the actual
temperature of the surface being cooled. The Leidenfrost temperature is
the temperature where vapor will form between the droplet and the surface,
reducing the conduction of heat into the drop and eliminating the surface
tension forces, which hold the drop on the surface. It must be noted that
there exists no spray nozzle capable of operating everywhere within the
limits of spray cooling. A particular nozzle with a particular flow range
and droplet distribution is only capable of operating in a region of the
performance envelope. For this reason, the selection of a nozzle with the
proper flow range and droplet size distribution for meeting specific system
requirements is important,

The material for the mirror substrate must be selected in terms of its
mechanical, thermal and optical properties. Evaporative cooling is
compatible with most materials that can be used to make an open back
lightweight mirror. Silicon carbide, beryllium, carbon/carbon, silver and
copper are several materials which have exceptional properties for the
application of evaporative cooling.

Impinged droplet evaporative cooling has several advantages over current
techniques which require .arge volumes of liquid coolants to be pumped
through small channels within the faceplate of the mirror. Evaporative
cooling simplifies mirror design and construction by wutilizing
conventional, lightweight open back mirror designs. This concept is
scalable to the largest sizes that the blanks can be manufactured and
polished. The extremely low coolant flow rates required for evaporative
cooling (as compared to the flow rates required for forced convective
cooling) are also an advantage for scalabililty. Vibrational jitter of the
mirror caused by the large volumes of liquids being pumped through the
faceplate is eliminated.

KROTE£: Contributors: C. K. Delametter and F. J. Sturgis
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